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Research on microscopic robots – robots a few hundred micrometers in size or 

smaller – has demonstrated a variety of approaches for locomotion and simple 

functions but has not produced “smart microscopic robots” that can perform complex 

tasks autonomously. Recently, our group has demonstrated the first smart microscopic 

robots by integrating microactuators with CMOS electronics. We accomplished this by 

designing a new microactuator called a surface electrochemical actuator (SEA), an 

ultrathin actuator that bends to micron-scale radii of curvature in response to applied 

voltages less than a volt, and by developing processes for combining these actuators 

with microelectronics and releasing completed microscopic robots. In this dissertation, 

I will discuss our work developing SEAs and integrating SEAs with electronics and 

projects on micron-scale sensors and structures using 2D materials. I will conclude by 

showing the first prototype smart microscopic robots, robots that can actuate their legs 

independently and walk autonomously without any input of information. This work 

paves the way for smart microscopic robots that can sense and respond to their 

environment, receive commands, perform complex functions, and communicate with 

the outside world. 
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CHAPTER 1 

A WORLD OF MICROSCOPIC ROBOTS 

 
1.1 Introduction 

We live in a world full of microscopic life and are ourselves homes for numerous micro- 

and nanoscale organisms. These “biological microscopic robots” are incredibly complex, 

perform a variety of tasks independently, span a range of sizes from 10s of nanometers to 100s of 

micrometers (the definitional upper limit for “microscopic”), and have effects on our lives 

disproportionate to their size (Fig. 1.11). Inspired by these organisms, science fiction authors and 

audiences have a long-standing fascination with manmade robots smaller than the eye can see. 

Fictional microscopic robots have performed a wide variety of tasks, from healing the human 

body in Fantastic Voyage2 to building new technologies and fighting invisible wars in The 

Diamond Age3 to serving as the vector and cure for viruses in Paul McEuen’s own Spiral4.  

Over the past twenty years, researchers in the fields of micro- and nanorobotics have made 

significant progress toward making artificial microscopic robots a reality. They have built 

devices that move using magnetic5–9, electric10,11, acoustic12–15, chemical16–20, optical21, 

biohybrid22,23, and bubble-based24–27 techniques and the devices can perform a variety of simple 

tasks including phototaxis28,29, chemotaxis30,31, cargo towing32,33, breaking down chemicals for 

environmental remediation26, and drug delivery25,32,34. 

  



 

2 

Figure 1.1: Biological microorganisms: (A) Biological microorganisms organized by size. 
Microscopic organisms are those too small to be resolved with the naked eye, below about 200 
μm in size. (Chart from microbiologyinfo.com) (B) A scanning electron microscope image of a 
paramecium. Its surface is covered with hair-like cilia that it can cause to beat in coordinated 
patterns in order to move. The image shows some of the incredible complexity of this single-cell 
organism. Scale bar is 10 μm. (Image from Tamm, 1972.) 
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However, none of these existing artificial microscopic systems can be programmed to 

perform a complex series of actions automatically – the dictionary definition of a robot. Existing 

devices fall into two categories: active matter, which perform a simple, fixed function in the 

presence of a fuel or power source, and microscopic machines, which perform complex motions 

and tasks in response to direct external controls. In this dissertation, we will show the first 

artificial microscopic robots that can be programmed to perform a complex series of actions 

automatically. We label them “smart microscopic robots” to distinguish them from existing 

microscopic active matter and machines, which are sometimes called “microscopic robots.” 

 

1.2 Considerations for Building Smart Microscopic Robots 

Building smart microscopic robots is a complex task. It requires sophisticated micro- and 

nanofabrication, as will be apparent in chapter six of this dissertation. Just as importantly, it 

requires us to understand the numerous ways in which existing and moving at the micron-scale is 

different than our everyday experience at meter scale. 

Microscopic robots must also use different power sources than macroscopic robots. 

Batteries, for instance, are a poor solution for powering microscopic robots because the power 

stored scales with volume. Biological microorganisms typically obtain power either from 

chemical energy in their environment (e.g. bacteria and paramecia) or from solar energy (e.g. 

green algae). While both approaches could in principle be used for an artificial microscopic 

robot, harvesting optical energy often proves easier in practice as it can be done using 

photovoltaics or other optically active materials. A silicon photovoltaic with a 100 µm by 100 

µm area can harvest about 1 µW of power on a sunny day35. A lithium-ion battery 100 µm on a 

side and 10 µm thick would last about a minute with the same power output36,37. 
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Choosing a power source like a photovoltaic that directly outputs electrical energy has 

another advantage: it can be directly integrated with silicon electronics. The exponential decrease 

in size per bit as a function of time in the electronics industry, known as Moore’s law38–40, has 

made possible to fit lots of electronics in a very small package41. This makes silicon electronics 

an excellent option for controlling microscopic robots, one of the few things that does not change 

dramatically between microscopic and macroscopic robots. Even so, microelectronics for 

microrobotics must be compact and must have low power consumption, adding unusual design 

challenges to what might otherwise be simple control electronics. 

One of the most important differences between our macroscopic world and the world of 

microscopic robots is that surface energies dominate over almost all other energies at the micron 

scale. This is often described using the capillary length42, the length scale below which capillary 

forces are greater than the force of gravity, 

𝑙𝑙𝑐𝑐 = �
𝛾𝛾
𝜌𝜌𝜌𝜌

 

where γ is the surface energy between an object and a surface, ρ is the density of the object in 

question, and g is the gravitational constant. Typical surface energies range from 10 to 100 

nN/m. Using the density of water, this length scale is about 1 mm. Tiny robots like the ones we 

are building are about 100 μm on a side – the width of a single hair – and weigh 10 nN or less. If 

a robot of that size gets stuck to an interface – be that a glass microscope slide in air or the side 

of a bubble in water – the force adhering the robot to the surface is about 1 μN, 100 to 1000 

times its weight. Escaping that surface for our tiny robot is about the equivalent of you or me 

lifting a semi-truck. 

The dominance of surface forces has two key side effects. First, unlike the world of 
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macroscopic robots where moving parts are assembled from many individual pieces that rotate 

about or slide past each other, surfaces forces are too high for geared assemblies or rotating 

motors to work effectively at the micro- or nanometer scale. In most cases, they would simply 

stick together. Therefore, effective microscopic robot actuators consist either of completely rigid 

parts that cause the robot to move by interacting with fields or chemicals external to the robot or 

of flexible actuators that can deform continuously in response to stimuli. Both approaches, 

especially the latter, connect the field of microrobotics to the study of thin films. 

Second, high surface forces grant a huge advantage to micro-roboticists willing to build 

robots that live under water. Placing the microrobots in a fluid environment allows us as 

researchers to control the surface energies that our robots will interact with using salts and 

surfactants – approaches that are unavailable for “land dwelling” microrobots. 

Once our microrobots are in a fluid environment, their movements are subject to viscous 

drag. At the sizes and speeds at which they exist, these viscous forces are also large compared to 

inertial forces, a condition identified as low Reynolds number43. This sets constraints on 

techniques for locomotion; mechanical swimming strokes, for instance, must break time reversal 

symmetry in order to cause a net motion of the robot. Living in fluids also allows microrobots to 

take advantage of their chemical environment. If the robot is controlled electronically, applied 

voltages can couple to the fluid environment, performing electrochemical reactions that can in 

principle be used to sense the local chemistry or move. This will prove fundamentally important 

for the actuators we use in our microscopic robots. In short, the research involved in building 

smart microscopic robots lives at the crossroads of many fields, including surface science, thin 

film mechanics, electrical engineering, optics, fluid dynamics, and electrochemistry. 

 



 

6 

1.3 Outline of the Dissertation 

The work presented in this dissertation is not all explicitly on microrobotics, but all relates 

to creating micro- and nanoscale sensors, structures, and actuators for micron-scale machines and 

robots. The projects shown here progress from studying the properties of 2D materials and thin 

films in fluid environments to building and characterizing electrically controlled actuators to 

fabricating microrobots. In chapter two, I will describe monolayer MoS2 pixel arrays used to 

optically detect chemical gradients in fluid environments, a work that bridges electrochemistry, 

optics, and two-dimensional material science. In chapter three, I will show capillary origami 

using these same two-dimensional material films, combining the high flexibility of two-

dimensional material films and the large capillary forces found at the micron scale. In chapter 

four, I will describe the working mechanisms for microactuators developed in our lab called 

surface electrochemical actuators (SEAs).  In chapter five, I will discuss some applications of 

these actuators. In chapter six, I will show the first smart microscopic robots, made by 

integrating SEAs with CMOS electronics. I will conclude the thesis in chapter seven by 

describing future directions based on this work, including both new designs for microscopic 

robots and new approaches for microactuators. 
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CHAPTER 2 

MOLYBDENUM DISULFIDE PIXEL ARRAYS FOR REAL-TIME 

PHOTOLUMINESCENCE IMAGING OF REDOX MOLECULES  

 

2.1 Introduction 

This chapter describes experiments using monolayer MoS2 as an optical sensor for redox 

molecules. This work was published in 20191.  

Measuring the behavior of redox-active molecules in space and time is crucial for better 

understanding of chemical and biological systems and for the development of new technologies. 

Optical schemes are non-invasive, scalable, and can be applied to many different systems, but 

usually have a slow response compared to electrical detection methods. Furthermore, many 

fluorescent molecules for redox detection degrade in brightness over long exposure times. Here 

we show that the photoluminescence of “pixel” arrays of an atomically thin two-dimensional 

(2D) material, a monolayer of MoS2, can image spatial and temporal changes in redox molecule 

concentration in real time. Because of the strong dependence of MoS2 photoluminescence on 

doping and sensitivity to surface changes characteristic of 2D materials, changes in the local 

chemical potential significantly modulate the photoluminescence of MoS2, with a sensitivity of 

0.9 /mV Hz  on a 5 µm by 5 µm pixel, corresponding to better than parts-per-hundred changes 

in redox molecule concentration down to nanomolar concentrations at 100 ms frame rates. The 

real-time imaging of electrochemical potentials with a fast response time provides a new strategy 

for visualizing chemical reactions and biomolecules with a 2D material screen. 

Transition metal dichalcogenides (TMDs) such as MoS2 are 2D semiconductors with a 

bandgap in the visible portion of the electromagnetic spectrum. They have received great interest 
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since the discovery that a monolayer of MoS2 is a direct bandgap semiconductor with a 

reasonable photoluminescence (PL) efficiency2,3.  Since then, the PL of transition metal 

dichalcogenides has been studied extensively and shown to respond to electrostatic gating4,5, 

chemical doping6,7, changes in pH8, and defects9,10.  However, only a few studies have exploited 

this sensitivity to use MoS2 PL as a chemical or biological sensor. Early work on biological 

sensors used ion intercalation schemes to optically measure cell viability11,12. Researchers have 

also studied charge transfer processes between MoS2 and a variety of electrolytes, observing 

charge transfer rates dependent on illumination intensity13 and back-gate voltage14. 

One attractive application for TMDs which has not been previously demonstrated is the 

spatially resolved optical detection of redox molecules at the micron scale. Current approaches 

for spatially resolved redox molecule sensing include arrays of microelectrodes15,16, altered 

CMOS camera detectors17, ISFET arrays18, and scanning electrochemical microscopy (SECM)19. 

These techniques, particularly microelectrode arrays and SECM, can be used for diverse 

applications and are unlikely to completely replaced by any optical techniques. They 

demonstrate high-speed detection and resolution at the few micrometer level. However, in 

certain circumstances, a completely wireless readout of chemical activity and molecular 

concentration is advantageous. Existing optical detection methods include scanned 

photocurrent20, porous silicon21, surface plasmon22,23 techniques, and methods using fluorescent 

molecules and nanomaterials24–26. Organic fluorescent molecules can be used to detect a wide 

variety of redox molecules with high spatial and temporal resolution, but suffer from 

photobleaching25,26, leading to interest in using photoluminescent nanomaterials in chemical 

sensing applications.  

In this work, we show that MoS2 pixel arrays are a powerful new class of sensors for 
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detecting redox-active molecules. Patterned arrays of MoS2 squares are used to measure changes 

in redox concentrations with micron-scale spatial resolution and at 10 millisecond temporal 

resolution. We can detect concentration changes on the order of few nM, on par with the best 

electrical microelectrode detectors. These MoS2 pixels can be deployed in a wide variety of 

environments, from optical fibers to microfluidic systems, making them an attractive redox 

sensing platform for numerous applications. 

 

2.2 MoS2 Pixels Measurement of Chemical Potential 

The samples consist of photolithographically patterned MoS2 directly grown on fused silica 

substrates using metal-organic chemical vapor deposition (MOCVD) 27. We examine two 

different geometries: MoS2 “pixel arrays” (Fig. 2.1A, left) consisting of small (2x2 or 5x5 µm2) 

electrically floating squares; and MoS2 ionic-liquid gate transistors (Fig. 2.1A, right) with Ti/Au 

contacts. We patterned the MoS2 into pixels so that each pixel would be electrically isolated from 

all the others to measure the local chemical potential. For most of the measurements reported 

here, the samples were placed in a standard supporting electrolyte solution consisting of 

tetrabutylammonium hexafluorophosphate (Bu4NPF6) in acetonitrile. The redox couple 

ferrocene/ferrocenium was added as indicated. Similar results were obtained with other redox 

couples in aqueous environments. Details regarding the sample preparation process can be found 

in the Materials and Methods, section 2.7. 
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Fig. 2.1 MoS2 PL response due to a change in [Fc+]/[Fc] ratio. (A) Bright field transmitted 
light optical image of an MoS2 “pixel array” consisting of 5x5 µm2 MoS2 squares and Ti/Au 
contacted devices. The Pt/Ir electrode used to contact devices and oxidize the ferrocene 
molecules is shown in the middle of the image. (B) Photoluminescence image of the same region 
in A, excited by the 546 nm peak of a mercury lamp and imaged with a filter centered at 650 nm. 
The image shown is taken with a 2 s integration time. (C) Schematic of the charge transfer 
between ferrocene molecules and MoS2. The red shade represents positively charged ferrocene 
molecules (ferrocenium). (D) Photoluminescence of MoS2 pixels varying the relative 
concentrations of ferrocene and ferrocenium. Images were taken with 100 ms exposure time, 
averaged over 500 images. 
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Fig. 2.1B shows the PL of the MoS2 in a solution of Bu4NPF6 in acetonitrile. Both the 

pixels and the devices show bright photoluminescence. The observed internal quantum efficiency 

(IQE) of ~ 10-4 is comparable to other reports in the literature2,28. Fig 2.1D shows the effect of 

the ferrocenium/ferrocene (Fc+/Fc) redox couple on the PL intensity for different Fc+/Fc ratios at 

a fixed 1 mM total concentration. The PL increases dramatically with increasing concentration of 

ferrocenium. The Fc+ ions serve to extract electrons from the MoS2, as shown schematically in 

Fig. 2.1C. This is consistent with the tuning of the PL in doped MoS2 observed previously as a 

function of a solid-state back gate voltage4,5 and chemical doping with redox molecules29. 

Additional increase of the PL could also occur due to defect screening by p-type molecules30,31. 

The devices thus operate as redox sensors, with orders of magnitude changes in PL seen when 

changing the Ox/Red ratio. 

The doping of electrically floating MoS2 pixels is akin to an open circuit potential (OCP) 

measurement. In an OCP measurement, the potential between a working electrode in solution 

and a reference electrode is measured in the absence of current flow, giving the electrochemical 

potential of the solution. In our case, changes in the photoluminescence of the MoS2 pixels 

indicate a change in the chemical potential of the solution near the MoS2 pixel, allowing 

spatially resolved chemical potentials to be optically read out. The mechanism can be understood 

by considering the chemical potential of the solution µs set by the ferrocene/ferrocenium ratio. 

This chemical potential is given by the Nernst equation: 

0
[ ]ln
[ ]s B
FceE k T
Fc

µ
+ 

= +  
 

,   [1] 

where kB is Boltzmann’s constant, T is the temperature, and E0 is the standard reduction 

potential. As described in the equation above, an increase in the ferrocenium/ferrocene ratio 

results on an increase in the liquid potential. This change in chemical potential is followed by the 
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MoS2 Fermi level due to charge transfer between the MoS2 and the ferrocene/ferrocenium.   

Thus, the shift in the chemical potential acts as an effective gate voltage on the MoS2 that 

changes the electron density, and therefore the PL. This sensing mechanism is not sensitive to a 

single redox species but gives a readout of the local chemical potential of the solution. 

To demonstrate this quantitatively, we compare the response of the pixels to 

measurements of the gated devices, shown schematically in Fig. 2.2A. Figure 2.2B shows both 

the PL and the two-probe in-plane conductance of the MoS2 transistors as a function of the ionic 

liquid voltage (VLG). As seen in the figure, the PL of the device decreases with the addition of 

electrons (VLG > 0), and simultaneously, the device begins to conduct. For VLG < 0 V the 

electrons are depleted, the PL increases and then saturates when the Fermi level of the MoS2 is in 

the bandgap of the semiconductor.  

The equivalence of these different ways of shifting the charge density is demonstrated in 

Fig. 2.2C, where the PL of the pixels as a function of the chemical potential is plotted on the 

same graph as the dependence of the PL of the transistor devices on gate voltage. We observe a 

one-to-one correspondence between the change in liquid potential determined according to Eq. 

(1) and the directly applied ionic liquid gate voltage, with no rescaling. The two curves overlay 

accurately, indicating that the PL of the MoS2 pixels is set by the shift in the chemical potential 

of the solution with changing redox molecule concentration. Measuring a gate curve before 

measuring PL of electrically floating MoS2 as a function of redox molecule concentration thus 

allows us to interpolate between chemical potential and PL. While the data shown as red lines in 

Fig. 2B and 2C are from gated devices, the rest of the data in this work are taken from MoS2 

pixels and pieces that are electrically floating. 
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Figure 2.2 - MoS2 PL response to ionic liquid 
gating. (A) Schematic and circuit diagram of 
the MoS2 PL measurement as a function of the 
ionic liquid gate voltage (VLG). (B) MoS2 
photoluminescence (red; left axis) and source-
drain current (blue; right axis) as a function of 
the ionic liquid gate voltage for a solution of 
B4NPF6 (100 mM) in acetonitrile. Exposure 
time for images and data are 50 ms. (C) PL 
signal from gating of MoS2 device and from 
MoS2 pixels at different concentrations of 
ferrocene and ferrocenium. The correspondence 
between the two curves, using kBT = 25.7 meV, 
indicates that sweeping the gate potential and 
changing the chemical potential cause an 
equivalent response for the MoS2. Data were 
taken with a 100 ms exposure time. Variation in 
the initial doping of two different MoS2 
samples likely accounts for the difference in 
between the PL versus gate voltage curves B 
and C. 
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2.3 Measuring Diffusion Using MoS2 Pixels 

Figure 2.3 shows the use of a pixel array to image a basic electrochemical process, the 

production of oxidized molecules at a working electrode. A microelectrode (position indicated in 

the first frame of Fig. 2.3A) is positioned 5 µm or less above the MoS2 pixel-array in a ferrocene 

solution with an initial ferrocene concentration [Fc]0 = 1 mM. A voltage pulse is applied to the 

microelectrode going from a voltage below to above the oxidation voltage for ferrocene, Vw = 0 

V to 0.8 V. This fast voltage step results in the rapid oxidation of ferrocene to ferrocenium. A 

few milliseconds after the voltage pulse we observe a large increase in the PL of the MoS2 pixels 

around our electrode (Fig. 2.3A, with a three-dimensional plot showing the distribution of bright 

pixels shown in Fig. 2.3B). The cloud of Fc+ diffuses outward from the microelectrode, lighting 

up the rest of the MoS2 pixel array. 

By following the size of the ferrocenium cloud as a function of time we can directly 

measure its diffusion constant in the solution. For a localized source such as a microelectrode, 

the concentration of ferrocenium as a function of time (t) is expected to follow the form32: 

4
xFc A erfc
Dt

+    = ×     
, where erfc is the complementary error function, x is the distance from 

the microelectrode, and D is the diffusion constant of ferrocenium. By plotting pixel brightness 

as a function of x for each frame and fitting every plot with the above equation (Fig. 2.3C), we 

obtain the radius R of the ferrocenium cloud as a function of time. Fig. 2.3D plots the square of 

this radius, which is predicted to grow linearly with time, 2 4R Dt=  for simple diffusion. Linear 

fitting yields D = (1.76 ± 0.02) × 10-9 m2/s. This agrees with the values for the diffusion constant 

of ferrocenium in acetonitrile found in the literature, 1.6 – 2.2 × 10-9 m2/s 33.  
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Figure 2.3 Visualizing ferrocenium diffusion using a MoS2 pixel array. (A) Time lapsed PL 
images of MoS2 pixels (2 µm x 2 µm) after applying a 0.6 V square wave pulse to a working 
electrode (versus a distant large platinum electrode) located at the top left corner of the image at t 
= 0 s. The images show the MoS2 pixels lighting up in response to the diffusion of ferrocenium 
ions. Exposure time for each image is 10 ms. (B) 3D surface plot of the image at 0.64 s, showing 
the spatial gradient of the PL signal. (C) The average PL value for each MoS2 pixel in the image 
versus distance from the working electrode at t = 0.64 s. These data are fit with an error function 
centered at zero with characteristic length-scale R = (4D0t)0.5, where D0 is the diffusion constant 
for ferrocenium. (D) Values for R2 extracted from each frame versus time. Linear fitting of these 
data gives D0 = (1.76 ± 0.02) x 10-9 m2/s, which matches well with other values found in the 
literature for ferrocenium. 
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2.4 Characterization of Detection Limits and Nernstian Response 

To determine the ultimate resolution of the pixel array to changes in redox concentrations, we 

examine noise properties of individual pixels. By recording the PL intensity of MoS2 pixels as a 

function of time with 10 ms exposure times, shown in the insets of Fig. 2.4, we observe that the 

PL intensity fluctuates around a constant value at a constant concentration of ferrocene and 

ferrocenium. We study the noise in our devices for different MoS2 areas: a 2×2 µm2 pixel (Fig. 

2.4A), a 5×5 µm2 pixel (Fig. 2.4B), and a 15×15 µm2 region of a MoS2 sheet (Fig. 2.4C). As 

expected, we observe that the signal to noise ratio increases with increasing area. The noise 

power spectra for all three regions is nearly frequency independent and lies close to the estimated 

shot noise from our experimental setup (shown by the dashed gray lines), which sets our ultimate 

noise floor. The noise level we detect is far greater than the read noise for our detector, which is 

reduced to sub-photon levels by the EM gain of the Andor iXon+ EMCCD camera. The shot 

noise in our setup arises from the finite number of photons reaching the camera and can be 

estimated by 2N Nδ = , where the factor of 2  accounts for added noise from the EMCCD 

gain of the camera. 

  



 

20 

 

Figure 2.4 MoS2 Pixel detector power 
spectral density. Noise power spectra of PL 
for three sizes of MoS2 redox detectors. Left 
axis shows photons detected squared per 
Hertz, and right axis is converted to voltage 
via a MoS2 gate curve. All curves are taken 
at 10 ms exposure times. The power 
spectrum for a 2 x 2 µm2 pixel (A), 5 x 5 
µm2 pixel (B) and for a 15 x 15 µm2 MoS2 
region (C). The shot noise limit of our setup 
is shown by the dashed gray lines and 
correspond to 1.5 /mV Hz  for (A), 0.6 

/mV Hz  for (B) and 0.2 /mV Hz for 
(C). The insets show the PL versus time 
graphs from which the power spectra were 
calculated. 
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This photon count noise can also be converted to a chemical potential noise by noting the 

equivalency between gate voltage and chemical potential shown in Fig. 2.2C. The count noise is 

turned into to a chemical potential noise by taking the derivative of the PL versus gate voltage 

curve at the average pixel brightness and using that derivative to convert between counts and 

voltage. The right axis in Fig. 2.4 shows the corresponding voltage noise density for the three 

regions with the panels plotted in the same scale for better comparison. We obtain a voltage 

noise density of 2 /mV Hz for the 2×2 µm2 MoS2 pixel, 0.9 /mV Hz for the 5×5 µm2 MoS2 

pixel and 0.5 /mV Hz for the 15×15 µm2 MoS2 region. The voltage noise can be translated to 

an [Ox]/[Red] detection resolution through the Nernst equation. For a concentration ratio of 

ferrocenium to ferrocene ( [ ]r Fc Fc+ =   ), the resolution is given by / / Br r d k Tδ µ= . This 

gives a redox detection resolution of r
r
δ = 0.03 Hz-1/2 or 10% at a 25 Hz bandwidth on a 5×5 

µm2 pixel. This detection limit, which is independent of the initial concentration, is advantageous 

for measuring changes in redox molecule concentration in dilute solutions, as we demonstrate 

below. 
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Figure 2.5 MoS2 photoluminescence for different ferrocene concentrations. (A) Schematic of 
cyclic voltammetry experiment. The initial solution contains only ferrocene, which is oxidized to 
ferrocenium by applying a potential to a Pt/Ir microelectrode versus a large platinum wire far 
from the reaction site. The local change in concentration in ferrocenium dopes the MoS2, 
changing the brightness of the PL. (B) Top: Current (Iw) versus voltage (Vw) of the working 
electrode for different concentrations of ferrocene Inset: Log-log plot of current at Vw = 1 V 
versus concentration of ferrocene. Bottom: MoS2 photoluminescence versus working electrode 
voltage for different concentrations of ferrocene. Data taken with 10 ms exposure time. (C) 
Effective change in potential on the MoS2 plotted against the working electrode current 
normalized by ferrocence concentration (C0). The effective change in potential is obtained from 
the MoS2 PL by using the slope of the linear region of the PL vs VLG curve measured in the same 
device (Inset). The experimental points collapse to one curve that is well described by the the 
Nersnt equation: E = E’ + (kBT/e) ln(I/C0), with kBT/e = (21 ± 5) mV, and E’ = (0.53 ± 0.01) V 
accounting for a current offset of -1 nA/mM.  (D) PL versus electrode voltage for low 
concentrations of ferrocene. First response is seen at 10 nM concentrations of ferrocene, likely 
limited by background concentrations of contaminant redox molecules. Data taken with 100 ms 
exposure time. 
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We now compare MoS2 pixel redox sensors to the standard electrochemical method for 

measuring redox molecules, cyclic voltammetry (CV). We performed cyclic voltage sweeps at an 

ultramicroelectrode while monitoring the photoluminescence of nearby MoS2, shown 

schematically in Fig. 2.5A. These measurements were done at ferrocene concentrations ranging 

from 50 µM to 1 mM, as seen in Fig. 2.5B. IW abruptly increases when the working electrode 

voltage overcomes the oxidation voltage for ferrocene at roughly the same values for each 

concentration of ferrocene. Similarly, we observe a sharp increase in PL intensity above the 

ferrocene oxidation potential, coinciding with the turn on in current for the CV measurements. 

However, these two measurements have a crucial difference: while the current at the 

microelectrode scales linearly with the initial concentration, the PL produces roughly the same 

response to sweeps in voltage down to the µM-range of initial concentrations of ferrocene (Fig. 

2.5B). Because the PL response is not specific to ferrocene, the lowest concentration sweep at 50 

µM is limited only by the background concentration of any other redox molecules in the 

solution. The MoS2 can be doped by any redox molecule that transfers charge with MoS2. PL and 

CV curves for a system with ruthenocene and a mixture of ferrocene and ruthenocene can be 

seen in Fig. 2.6. We observe that the PL responds to increases in concentration of both 

ferrocenium and ruthenocenium. 
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Figure 2.6 Detection of ruthenocene and ruthenocene/ferrocene mixtures. (A) MoS2 PL 
intensity and working electrode current (IW) versus working electrode voltage (VW) for a solution 
containing 500 µM of ruthenocene.  (B) PL and IW versus VW for a solution with ruthenocene 
(500 µM) and ferrocene (500 µM). The oxidation potentials for both molecules are indicated by 
the dashed gray lines. 
  



 

25 

The CV measurements and MoS2 PL measurements are related by the Nernst equation 

(Eq. 1). Assuming that the large initial ferrocene concentrations [Fc]0 remains constant and the 

concentration of ferrocenium is proportional to the current to the working electrode (a valid 

assumption provided the electrochemical system is in steady state), we can rewrite Eq. 1 as 

[ ]( )0
lnB Wk T I Fcµ ∝ . Therefore, for the region of MoS2 doping where the PL intensity is linear 

with the electrochemical potential, we expect that 
[ ]0

ln W
B

IPL k T
Fc

 
∝   

 
.By plotting this change 

in potential versus [ ]0
ln WI

Fc
 
  
 

, the data should collapse onto the same curve independent of 

ferrocene concentration. This is indeed what we observe (Fig. 2.5C). Our data is well fit by Eq. 1 

with kBT/e = (21 ± 5) meV (with uncertainty in the conversion between PL and voltage 

constituting the largest source of error), indicating a simple relationship between standard 

current-based detection methods for calculating concentration and our method using MoS2 PL. 

Since the signal for MoS2 PL detection of molecules is independent of absolute 

concentration and depends instead on the ratio of oxidized-to-reduced species, it provides a 

method for detecting redox molecules that scales favorably down to low concentrations. To test 

the detection limits of our system we performed simultaneous CV sweeps and PL measurements 

of MoS2 pixels at lower concentrations of ferrocene, shown in Fig. 2.5D. Although the current at 

our microelectrode falls below the detection limit of our setup for concentrations under 10 µM, 

the PL of the MoS2 attains the same value as a function of voltage for 10 and 1 µM 

concentrations. The response begins to shift at 100 and 10 nM concentrations, perhaps due to 

comparable concentrations of contaminant redox molecules, but still reaches the same peak PL 

intensity. The low detection limit of sub-10 nM concentrations using MoS2 PL improves upon 
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ultramicroelectrode detection limits for concentration detection, which are reported to be at best 

around 50 nM 34,35. The linear scaling of current at a microelectrode with concentration sets the 

detection limit for amperometric techniques. Assuming a microelectrode of the same area as our 

MoS2 pixels (~100 µm2) and linear scaling of the current with concentration, the current would 

be approximately 100 fA for a concentration of 10 nM.   

 

2.5 Applications and Demonstrations of MoS2 Pixel Arrays 

Having explored the operation of the pixel arrays for redox sensing, we illustrate their use in a 

variety of situations. Fig. 2.7A and B shows a MoS2 pixel array deployed in a 

polydimethylsiloxane (PDMS) microfluidic channel to measure the spatial distribution of the 

oxidation state of redox active molecules.  A syringe pump connected to the channel supplies 

pressure-driven (laminar) flow, while a platinum surface electrode on chip can be used to 

perform redox chemistry in the channel. A short pulse applied to the surface electrode oxidizes 

ferrocene in the channel to ferrocenium, which is carried to the right by the flow. The resultant 

PL response of the MoS2 pixel array is shown in Fig. 2.7B, allowing the direct tracking of the 

oxidized molecules in real time with micron and millisecond space and time resolution.  
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Figure 2.7 Imaging flow in microfluidic channels and MoS2 pixels on an optical fiber. (A) 
Bright field image of PDMS channel placed on substrate with MoS2 pixel array and platinum 
surface electrode with schematic showing circuit with voltage VW for applying potentials to 
oxidize ferrocene and syringe for driving flow of solution. (B) Photoluminescence images MoS2 
pixel array during laminar flow. A 1 V pulse is applied to the platinum surface electrode for 1 s 
to oxidize ferrocene. Images taken with 100 ms exposure time. (C) Reconstructed confocal PL 
microscopy images showing MoS2 pixels transferred onto an optical fiber. (D) Plot of chemical 
potential sensing with light coupled to MoS2 through the optical fiber. As in previous 
experiments, a pulse is applied to a probe nearby the MoS2 to oxidize ferrocene to ferrocenium. 
The MoS2 is illuminated with a 532 nm laser coupled into the optical fiber, and the 
photoluminescence is observed through an optical microscope. Data are taken with 100 ms 
exposure time. 
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These pixel arrays can be transferred to almost any substrate. Fig. 2.7C shows a MoS2 pixel array 

on an optical fiber where the light through the fiber is used to excite the pixels. Fig. 2.7D shows 

a measurement of the PL as a probe nearby periodically oxidizes ferrocenium. 

 

2.6 Conclusion 

This work demonstrates a new class of 2D fluorescence sensors for the detection of 

redox-active species. The sensor is shot noise limited, with a sensitivity of 10% in a 30 Hz 

bandwidth at a 5 x 5 µm2 pixel and detection limits down to nM concentrations. Improvements to 

the PL efficiency could increase this sensitivity by another 1-2 orders of magnitude. Future work 

could also include functionalization of MoS2 for specific molecular detection, following 

approaches used for other photoluminescent nanomaterials24,36,37. The fast, all-optical detection 

of chemical potentials, and ionic densities using the PL of a 2D material has great potential for 

monitoring various chemical and biological systems, such as hydrogen evolution reactions and 

neurological activity. Being flexible, chemical inert, and easily transferrable, MoS2 provides a 

local redox sensing method that can be easily incorporated into a broad range of environments 

and systems. 

 

2.7 Materials and Methods 

2.7.1 MoS2 Growth and Device Fabrication 

The MoS2 sheets were grown by Metal-Organic Chemical Vapor Deposition on 1” fused 

silica wafers as described in reference27. We defined Ti/Au (5/50 nm) electrodes and alignment 

markers using conventional optical lithography and metal evaporation methods. The MoS2 

structures (pixels and device channels) were defined by a final optical lithography step followed 
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by Reactive Ion Etching (SF6:O2 5:1 ratio at 20 W). In order to increase the PL quantum 

efficiency in our films we treated our final structures with bis(trifluoromethane)-sulfonimide 

(TFSI) following the procedures detailed in reference28. 

 

2.7.2 Experimental Setup 

The devices were measured using a probe station with automated micromanipulators 

(Sensapex). The samples were mounted with the MoS2 side pointing up on an inverted 

microscope and imaged with a water immersion 60x objective with numerical aperture 1.25 and 

an Andor electron-multiplier CCD. 

The PL measurements were made using a mercury arc lamp combined with a 550 nm 

bandpass filter (40 nm FWHM, ThorLabs) and a dichroic mirror (552 nm long pass, Semrock) as 

our incident light beam. The reflected light is partially filtered by the dichroic beamsplitter and 

further selected using a 650 nm bandpass filter (40 nm FWHM, ThorLabs) which includes the A-

exciton peak at room temperature (~ 660 nm). 

For the electrochemical measurements we used a Pt wire as our reference electrode and 

Pt/Ir microelectrode probes (Microprobes for Life Sciences) with ~1 M impedance at 1 kHz to 

the liquid as our working electrode. 

 

2.7.3 Electrolyte and Ferrocene Solution Preparation 

The electrolyte solution for all the measurements presented consists of 100 mM of 

tetrabutylammonium hexafluorophosphate (Bu4NPF6, Sigma Aldrich) in acetonitrile. After the 

electrolyte preparation, the desired amount of ferrocene (Sigma Aldrich) is mixed to obtain the 

concentrations ranging from 1 nM to 100 mM used in our work. 
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The desired solution is then pipetted onto the fused silica chips containing the MoS2 

structures which sits on the inverted microscope. The liquid is contained by a PDMS ring (~ 2 

mm thick) which seals onto the wafer. For the measurements with increasing ferrocene 

concentration we start with the lowest concentration and increase it by pipetting away the lower 

concentration and flushing the liquid with the higher concentration solution. If a series of 

measurements were required, the samples were flushed in acetonitrile several times to remove 

any remnant ferrocene molecules. 
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CHAPTER 3 
 

CAPILLARY ORIGAMI WITH ATOMICALLY THIN MEMBRANES 
 

 

3.1 Introduction 

In this chapter, we demonstrate capillary origami on two-dimensional materials. The 

work shown here was published in 20191. 

Small-scale optical and mechanical components and machines require control over three-

dimensional structure at the microscale. Inspired by the analogy between paper and two-

dimensional materials, origami-style folding of atomically thin materials offers a promising 

approach for making microscale structures from the thinnest possible sheets. In this letter, we 

show that a monolayer of molybdenum disulfide (MoS2) can be folded into three-dimensional 

shapes by a technique called capillary origami, in which the surface tension of a droplet drives 

the folding of a thin sheet. We define shape nets by patterning rigid metal panels connected by 

MoS2 hinges, allowing us to fold micron-scale polyhedrons. Finally, we demonstrate that these 

shapes can be folded in parallel without the use of micropipettes or microfluidics by means of a 

microemulsion of droplets that dissolve into the bulk solution to drive folding. These results 

demonstrate controllable folding of the thinnest possible materials using capillary origami and 

indicate a route forward for design and parallel fabrication of more complex three-dimensional 

micron-scale structures and machines. 

Although there is a robust toolkit for fabricating planar structures at the micron scale, 

making three-dimensional micron-scale objects is more challenging and requires a different set 

of tools. A growing body of work has demonstrated a variety of approaches for achieving three-

dimensional geometries at the micron scale, many of which rely on bending or folding originally 
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planar structures2,3. There is significant interest in folding three-dimensional structures out of 

two-dimensional materials, since they exist at the physical limit of thinness and can have a broad 

range of electronic and optical properties. Two-dimensional materials have recently been 

patterned, bent, and folded in a variety of ways to make three-dimensional shapes. Single-layer 

graphene has been patterned into stretchable, bendable graphene kirigami4. A variety of two-

dimensional materials including MoS2 have been rolled into nanoscrolls5–8. Layered stacks with 

graphene and silicon dioxide have been actuated with pH9, and layered stacks of graphene and 

polymer with temperature10. 

One approach for folding that scales well for microscale structures is capillary origami, 

which drives folding with liquid surface tension. The way in which a droplet deforms and 

ultimately folds a flexible substrate has been studied from a variety of perspectives, both as a 

fundamental mechanics problem and as an engineering approach to fold specific shapes. Initial 

work on capillary origami demonstrated folding of a variety of shapes with polymer sheets with 

aqueous droplets on the millimeter scale11. Fundamental materials studies probed the way elastic 

sheets on droplets wrinkle12,13, as well as the wrapping dynamics of these systems14,15. Works 

akin to capillary origami achieved micro- and nanoscale bending and folding of shapes by 

patterning hinges of low-melting-temperature metals and heating to liquify them16–18. Others 

have performed capillary origami with water droplets at the 100-micron scale by using thin film 

ceramics to decrease bending stiffness19. Others still have shown control of capillary origami by 

electric and magnetic fields20,21. These structures have applications in optics18,22 and drug 

delivery23–25 from the nano- to macro-scale. These works show that capillary origami is a 

powerful technique for folding small structures. In this work, we apply the technique of capillary 

origami to fold the thinnest possible sheet, a two-dimensional material, by demonstrating 
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surface-tension-induced folding of monolayer molybdenum disulfide (MoS2) with droplets. This 

approach allows us to fold capillary origami with the thinnest sheets to date. 

In capillary origami, the folding behavior is determined by comparing bending energy to 

surface energy. The characteristic length scale for capillary folding, known as the elastocapillary 

length, is defined as 𝐿𝐿𝐸𝐸𝐸𝐸 = �𝐷𝐷
𝛾𝛾
, where 𝐷𝐷 is the two-dimensional bending stiffness of the sheet 

and 𝛾𝛾 is the surface tension of the droplet. This length scale approximately gives the radius of 

curvature to which a droplet will bend a rectangular sheet. Since the bending stiffness scales as 

the cube of the sheet thickness, 𝐷𝐷 = 𝐸𝐸𝑡𝑡3

12(1−𝜐𝜐2)
, where 𝐸𝐸 is the Young’s modulus, 𝑡𝑡 is the 

thickness, and 𝜐𝜐 is the Poisson ratio, atomically thin sheets such as MoS2 are among the most 

flexible materials, permitting folding of micron-scale shapes in aqueous environments. For 

immiscible organics and oils in water, surface tensions are typically in the 10-100 mN/m range26. 

The Young’s modulus of mono- and few-layer MoS2 has been measured by nanoindentation and 

buckling methods to be approximately 250 GPa27–29, giving an expected bending stiffness for 

monolayer MoS2 of approximately 10-17 J.  The experimentally measured bending stiffness for 

freestanding graphene in aqueous solution is significantly stiffer than the expected value due to 

out-of-plane wrinkles, measuring in the range of 10-16-10-15 J 4. Because similar wrinkle 

structures could contribute in the case of MoS2, the bending stiffness of our films is likely in the 

range of 10-17-10-15 J. Using these ranges for surface tension and bending stiffness, we estimate 

that 𝐿𝐿𝐸𝐸𝐸𝐸  ~ 10-100 nm.  This indicates that shapes down to 100 nm in size could in principle be 

folded using MoS2 and oils or organic solvents. For MoS2 sheets greater than about a micron in 

size, the surface tension of the droplet will easily dominate over the bending stiffness of the 

MoS2, allowing us to fold micron-scale shapes with droplets in aqueous solutions. 
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3.2 Capillary Origami with MoS2 Sheets and Shape Nets 

For patterning the shapes for capillary origami, we start with monolayer MoS2 grown via 

metal-organic chemical-vapor deposition (MOCVD) on fused silica substrates30. We 

photolithographically pattern the MoS2 using a long, deep ultraviolet exposure of poly(methyl 

methacrylate) (PMMA), a resist chosen because it does not use water-based developers, which 

can cause delamination of the MoS2 from the substrate. For devices with “shape nets”, which 

consist of panels with MoS2 hinges, we pattern copper panels with a thin (~2 nm) titanium (Ti) 

adhesion layer on the MoS2 via electron-beam deposition and liftoff. We then etch the MoS2 into 

the desired shapes with a second layer of photolithography and an oxygen/sulfur hexafluoride 

(O2/SF6) plasma etch.  

Figure 3.1a and 3.1b show micrographs of bare MoS2 shapes and of shape nets—copper 

(Cu) panels connected by MoS2 hinges—respectively. Once the shapes are patterned, we release 

them via a substrate etch in 1:10 hydrofluoric acid in deionized water, with an etch time of 

seconds to a few minutes depending on the size of the shapes to be released. We rinse the chip 

and place it into pure deionized water, the environment in which further experiments take place. 

We then use a micropipette to place droplets of either Fluorinert FC-70 (3M), which has a 

measured surface tension in water of about 45 mN/m, or chloroform, which has a surface tension 

in water of 32 mN/m26, on the devices for micropipette folding and self-folding, respectively. For 

the micropipette folding, we apply pressure pulses to create the droplets with a Pneumatic 

PicoPump (WPI) connected to a micropipette with a 2-μm-diameter tip. Using 

micromanipulators, we bring these droplets into contact with the released MoS2 and pick it up 

from the surface. Figure 3.1c schematically shows the chip, petri dish, and micropipette, and 
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Figure 3.1d shows a micrograph of a circle of patterned MoS2 that has been picked up by a 

droplet on the micropipette.  

Figure 3.2 show the folding of both bare MoS2 (3.2a-c) and Cu-paneled shape nets (3.2d, 

e). The folding takes place as Fluorinert flows back into the micropipette tip. Initially, for 

pressure 𝑃𝑃 across a droplet of radius 𝑅𝑅, if 𝑃𝑃 ≳ −𝛾𝛾
𝑅𝑅

, fluid flows into the micropipette in order to 

minimize the surface energy. When the droplet is completely wrapped by the MoS2 or Cu/MoS2, 

any further shrinking of the droplet does not decrease the surface energy of the system, but only 

further bends or crumples the MoS2, which costs energy. The folding therefore stops when the 

wrapping is complete. Folding by this method takes anywhere from seconds to minutes and can 

be tuned by the initial droplet size and micropipette tip size, as well as by applying positive or 

negative pressure.  

We observe that MoS2 sheets fold to certain three-dimensional wrapped shapes based on 

their initial two-dimensional pattern. Squares and triangles generally fold their vertices to center, 

such that square sheets make square packets and triangular sheets make tetrahedral packets, as 

shown in Figure 3.2a and 3.2b, respectively. Circular sheets of MoS2 fold into both triangular 

and “empanada” packets (the latter of which is shown in Figure 3.2c), a phenomenon seen at a 

larger scale for circular polymer sheets in previous works14. In experiments similar to ours, larger 

circular polymer sheets on droplets show wrinkle structures en route to folding12,13. However, 

based on theory and these previous experiments13, we expect such wrinkles in our system to be 

around a micron in wavelength and 10 nm in amplitude, making them difficult to detect by 

optical microscopy. 
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Figure 3.1. Sheets, shape nets, and experimental setup for folding. a, Patterned monolayer 
MoS2 shapes and b, shape nets with Cu panels connected by MoS2 hinges. The experimental 
setup, shown schematically in c, consists of these devices, released from the substrate with a 
brief hydrofluoric acid etch, in water with a micropipette filled with an oil attached to a pump for 
making droplets. A micrograph of the same setup is shown in d, with a MoS2 circle picked up 
onto the surface of the droplet. All scale bars are 50 μm. 
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Figure 3.2. Image time series of folding MoS2 sheets and shape nets. The leftmost figure in 
each row shows the initial, unfolded shape. a, b, and c, show square, triangular, and circular 
sheets folding into square, tetrahedron, and “empanada” packets, respectively, while d and e 
show the folding of shape nets (Cu panels and MoS2 hinges) into a cube and a tetrahedron. All 
scale bars are 20 μm. 
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The addition of rigid panels to define MoS2 hinges permits the folding of polyhedrons by 

design. Figure 3.2d and 3.2e show the folding of a cube and a tetrahedron from predesigned 

shape nets, respectively, each with panels that are approximately 20 μm across and hinges that 

are 2 μm wide. We designed the Cu panels to have a bending stiffness such that 𝐿𝐿𝐸𝐸𝐸𝐸  is greater 

than the size of the folded shape. This causes bending to take place preferentially at the MoS2 

hinge while leaving the panels undeformed. We select a panel thickness of 100 nm so that the 

panels have 𝐷𝐷~10−11J and 𝐿𝐿𝐸𝐸𝐸𝐸~10 − 100 μm, suitable for folding polyhedra tens of microns in 

size. We pattern 2 μm MoS2 hinges so that the bending stiffness of the hinge remains negligible 

compared to the surface energy of the droplet. The shapes fold consistently provided that the 

hinges remained intact, and they can be re-expanded and re-folded on the pipette tip without any 

apparent damage to the MoS2 by gradually increasing and decreasing pressure. They even 

survive being fired from the pipette tip with a pressure spike. 

 

3.3 Self-folding and Folding in Parallel 

Self-folding of polyhedrons can also be achieved by using organic solvents that are 

partially miscible in water. Figure 3.3a and 3.3b show this process for a tetrahedron and a cube 

using chloroform, which has a solubility of 0.5% in water. We shoot droplets of chloroform onto 

the shapes individually by applying pressure pulses to a micropipette with a larger, 5 μm tip 

diameter. The shapes shown in Figure 3 start with droplets of approximately 50 μm in diameter 

and fold in 3 to 5 minutes, a timescale set by the dissolution rate of chloroform into water. While 

Figure 3 shows folding of shapes roughly 20 µm in size, we demonstrate folding of shapes down 

to 3 µm in size using this approach (Fig. 3.4). 
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Figure 3.3 Self-folding with chloroform droplets. Image time series of self-folding of a, a 
tetrahedron, and b, a cube, with droplets of chloroform. Since chloroform is partially miscible in 
water, the shapes fold as the chloroform dissolves into the water. The scale bar is 25 μm.  
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Figure 3.4 – Folding a cube with 3 µm panels. Image time series showing the folding of a cube 
with 3 µm panels by a chloroform droplet. 
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We use self-folding with chloroform droplets to fold many shapes simultaneously 

without a micropipette, an important step in moving this technique from a one-off demonstration 

to a fabrication method. An example is shown in Fig. 3.5. To achieve the folding of shapes in 

parallel, we add an emulsion of chloroform droplets to unreleased Cu/MoS2 shape nets in 

deionized water. The shapes are left unreleased so that the process of adding the droplets does 

not scatter the shapes or cause one droplet to pick up many shape nets. Once the droplets settle 

on the shape nets, we add hydrofluoric acid to the solution to release the panels. As before, the 

droplets fold the shapes as chloroform dissolves into the bulk solution. The folding shown in Fig. 

3.5 takes place over about 15 minutes. This microemulsion approach to capillary origami makes 

possible massively parallel self-assembly of these microstructures. 

 

3.4 Conclusion 

In summary, we use capillary origami to fold atomically thin two-dimensional materials 

into micron-scale structures. These are the thinnest materials used for capillary folding to date. 

Further, we can fold these shapes in parallel, providing a route to the self-assembly of 

microstructures. In the future, development of techniques for folding these microstructures in air 

or for drying the structures after folding could increase the possible range of applications. The 

addition of active panels that include electronic, optical, or magnetic materials could permit the 

design of three-dimensional structures with functional properties. Applications in optics are 

particularly appealing based on ability to controllably fold structures at the single micron scale 

without the use of liquid metals, which can interfere with the designed optical components18. 

Furthermore, two-dimensional materials attaching various panels are a promising basis for a new 
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class of smart surfactants that live at liquid interfaces, locally sensing their environment and 

responding to external stimuli.  
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Figure 3.5. Parallel folding of shapes using 
chloroform emulsions. A microemulsion of 
chloroform was added to unreleased shape 
nets. Diluted hydrofluoric acid was then 
added to the solution so that the final ratio of 
hydrofluoric acid to water was approximately 
1:50. Folding took place over about 15 
minutes. The scale bar is 50 μm. 
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CHAPTER 4 

SURFACE ELECTROCHEMICAL ACTUATORS 

 

4.1 Introduction 

As discussed in the previous chapter, surface forces are an excellent method for driving 

bending at the micron scale, particularly for static, closed structures. However, the field of 

microrobotics requires not only static structures but also actuators that bend repeatably, 

reversibly, and quickly in response to an external stimulus. Voltage driven actuators are 

particularly desirable because they integrate well with electronics, allowing microscopic robots 

to leverage the capabilities and complexity of the microelectronics industry. In this chapter, I will 

describe work in our group to build a micron-scale voltage-driven actuator that we call a surface 

electrochemical actuator (SEA). These actuators were reported by Miskin et al.1 and Liu et al.2, 

and this chapter will draw heavily from those papers. Section 4.2 is adapted from both papers, 

and Sections 4.3 and 4.4 are adapted from Miskin et al. and Liu et al., respectively. My hope in 

drawing on each paper in part for one chapter is to provide a complete view of the actuation 

modes and material variants of the SEAs without repetition. 

We were motivated to build SEAs by the dearth of electrical microactuators with 

desirable properties for microrobotics: low required voltages, low power consumption, fast 

response times, and high curvature. Fig. 4.1 shows electrically driven actuators plotted for two of 

these key properties: operating voltage and maximum curvature change. In Fig. 4.1A, we see that 

there are numerous voltage-driven actuators for macroscopic systems with curvatures less than 

one inverse millimeter. However, only a few examples exist for microscopic actuators. Fig. 4.1B 

zooms in on these actuators, SEAs in red and other microactuators in black3–8. Prior to SEAs, no 
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electrical microactuators achieved curvatures greater than 0.1 µm-1. Moreover, the other actuator 

systems are limited by slow response times in the cases of battery materials (Si/SiLi)8 and 

electrochemically actuated polymers (PPy and PEDOT)3–5 or by low efficiencies in the case of 

electrothermal actuators (VO2 and SU-8)6,7. In the field of microactuators, therefore, SEAs are a 

significant step forward. 

4.2 Fabrication and Actuation of SEAs 

To make SEAs, we grow a nanometer thick layer (typically 7 nm) of platinum using 

atomic layer deposition (ALD); cap the exposed surface with an electrochemically inactive 

material, in our work either ALD titanium oxide, sputtered titanium, or graphene; and pattern the 

devices using photolithography. Fig. 4.2A shows a TEM cross section of a SEA capped with 

TiO2. To control the bending of the SEAs and define hinges, we pattern thick, rigid panels of 

either polymer or silicon dioxide on the actuators. Once released from their substrate into 

aqueous solution, SEAs start out curved based on pre-stresses between the platinum and capping 

layer. 

 

  



 

51 

Figure 4.1: Summary of existing microactuators: (A) Microactuators plotted as a function of 
their maximum curvature and operating voltage. Color groupings correspond to different 
actuator materials and mechanisms, described in Liu et. al. (B) A zoom in on microactuators, 
with different operating modes of SEAs plotted in red and previously existing microactuators 
plotted in black. 
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Figure 4.2: SEAs structure, experimental setup, and actuation. (A) A false-color TEM image of a 
SEA cross section: 7 nm of platinum (red) capped on one side by a 2-nm TiO2 film (green) 
grown on the silicon wafer (magenta). (B) Schematic of the experiment. SEAs are patterned with 
panels to define hinges. We apply a voltage to the actuator with a platinum/iridium probe versus 
a distant Ag/AgCl electrode, causing the actuator to bend. (C) Optical micrographs of a SEA 
bending in response to an applied voltage. (D) Curvature and current versus voltage for a 
sputtered titanium capped SEA showing the three actuation regimes. At negative potentials 
between about -0.5 and -1.0 V, SEAs bend reversibly in response to hydrogen adsorption at the 
platinum surface (red). At potentials from about -0.5 to about 0.4, SEAs bend reversibly in 
response to oxygen adsorption at the platinum surface (teal). When operated between -0.5 about 
1 V, SEAs show larger hysteretic bending based on platinum oxidation and reduction (blue). 
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In an aqueous environment, SEAs actuate in response to an applied voltage versus a 

reference electrode in the solution. The typical experimental setup for testing SEAs is shown in 

Fig. 4.2B. We contact SEAs with a microelectrode and apply voltages versus a macroscopic 

silver/ silver chloride (Ag/AgCl) reference electrode. The results in this chapter are for phosphate 

buffered saline solutions (pH 7.5), but the actuators work across a wide range of electrolytes and 

pH. Fig. 4.2C shows a series of micrographs of a SEA bending as a function of voltage. Fig. 

4.2D shows the curvature of a Ti/Pt SEA versus voltage within water’s electrochemical window 

alongside a cyclic voltammogram (CV). The CV shows typical electrochemical behavior of 

platinum: hydrogen adsorption and desorption peaks from about −1.0 V to −0.5 V and a broad 

peak at positive voltages that includes both oxygen-species adsorption and later oxidation of the 

platinum. The curvature plot shows bending typical of SEAs in aqueous environments for 

voltage sweeps in different ranges: reversible curvature changes from -1.0 V and -0.5 V and 

from -0.5 V to 0.4 V related to hydrogen and oxygen adsorption respectively and a large 

hysteretic change in curvature between -0.2 V and 1 V related to platinum oxidation. Sections 

4.3 and 4.4 will discuss the adsorption and oxidation regimes in detail.  

Before moving on to that discussion, we will briefly note the effect that the different 

capping layers have on the curvature and function of SEAs. In our work, we have used three 

different capping layers for SEAs: graphene, sputtered titanium, and atomic layer deposition 

titanium oxide. The initial curvatures measured for SEAs after release/ at open circuit potential 

for a range of capping layer thicknesses are shown in Fig. 4.3A. Bare ALD platinum, platinum 

with a graphene capping layer, and platinum with very thin (~ 1 nm or less) titanium layers all 

bend toward the top surface/ capping layer upon release. SEAs with thicker titanium layers and 2 

nm titanium oxide layers bend toward the exposed platinum surface and can start out with large 
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curvatures, greater than 1 µm-1. All the values of curvature and pre-curvature are highly 

dependent on the exact details of fabrication; we have noticed, for instance, that using different 

sputter deposition tools to deposit the titanium yields different initial curvatures for the same 

thickness. 

Fig. 4.3B shows the curvature versus voltage of each capping layer over the same voltage 

range (corresponding to oxygen adsorption). In this range, ALD titanium-oxide-capped SEAs 

achieve the largest changes in curvature, up to about 0.6 µm-1. We measure approximately 0.2 

µm-1 changes in curvature for graphene-capped SEAs and approximately 0.1 µm-1 changes for 

titanium capped SEAs. The reason for the discrepancies in curvature change for each of these 

capping layers is not well known at this point. It could be due to a variety of effects including 

differences in bending stiffness of the SEAs with different layers, incomplete capping of the 

platinum surface for some layers, and plasticity during actuation. Functionally, titanium-oxide-

capped SEAs are well-suited for situations where large curvatures are required; however, their 

usefulness is sometimes limited by the need to pattern very short hinge lengths in order not to 

have the actuator curl up on itself. Graphene-capped SEAs have high curvatures and low pre-

curvatures, but graphene is difficult to incorporate into fabrication processes, particularly if the 

substrate has large surface topography or subsequent fabrication steps require plasma processing. 

Sputtered titanium capping layers consistently result in the smallest curvature changes of the 

layers tested, but sputtered titanium is by far the easiest material of the three to deposit and 

pattern and is most often compatible with subsequent processing. For these reasons, all devices 

integrated with microelectronics use sputtered titanium as the capping layer. However, we used 

all three layers in building test devices. The capping layer used will be noted in the text and 

figure throughout the remainder of this chapter.  
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Figure 4.3: SEAs curvature for different capping layers. (A) Initial curvature of SEAs versus 
thickness of the capping layer for different types of materials. Capping layer thickness was 
measured with TEM images of ALD titanium oxide and titanium sputtered for thirteen seconds 
(3 nm) and inferred for shorter sputter times. The graphene capping layer is plotted at the 
thickness of monolayer of graphene. (B) Curvature as a function of voltage for capping layers of 
graphene, sputtered titanium, and ALD titanium dioxide. 
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4.3 Chemically Reversible Actuation Based on Adsorption 

SEAs bend reversibly in response to both hydrogen and oxygen adsorption. The 

adsorption of ions generates a surface stress that causes the platinum surface to expand, leading 

to a change in curvature toward the inert capping layer, as shown schematically in Fig. 4.4A. By 

being ultrathin, SEAs leverage these surface stresses to achieve micrometer-scale radii of 

curvature. In this section, we focus on the bending response to oxygen adsorption because it 

occurs at lower potentials with respect to Ag/AgCl reference electrodes and platinum pseudo-

reference electrodes, results in slightly larger curvature changes, and is therefore the bending 

mechanism used in most applications of SEAs. 

Fig. 4.4B shows the curvature response of a graphene/ platinum SEA to oxygen 

adsorption, which we use to measure surface stress and force. We use Stoney’s equation to 

connect curvature to surface stress9,10: 

∆𝜅𝜅 =
∆𝛾𝛾ℎ

2𝐷𝐷(1 + 𝜈𝜈) (1) 

where Δκ is the change in curvature, Δγ is the change in surface stress, h is the thickness of the 

actuator, ν is the Poisson ratio, and D is the bending stiffness of the actuator, 𝐷𝐷 = 𝐸𝐸𝑡𝑡3

12(1−𝜈𝜈2). The 

bulk values for these properties for platinum (E = 170 GPa, ν = 0.39) and thickness of 7 nm gives 

a bending stiffness of about 5 × 10-15 J for the graphene-platinum SEAs. For curvature changes 

of about 0.2 µm-1 in the oxygen adsorption regime, this gives a surface stress of about 0.4 N/m, 

comparable to previously reported values for macroscopic cantilevers and nanoporous platinum 

actuators11–16. The bending force for an actuator is given by: 

𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐷𝐷∆𝜅𝜅
𝑊𝑊
𝐿𝐿

 (2) 

where W and L are the width and length of the actuator. This results in a force per square of 
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about 1 nN for SEAs in response to oxygen adsorption. 

The functional response of the curvature to voltage matches an adsorption process. For an 

ideal single species adsorption process, the fraction of sites occupied by an adsorbate is given 

by17: 

𝜑𝜑 =
1

1 + exp� −𝑒𝑒𝑘𝑘𝐵𝐵𝑇𝑇
(𝑉𝑉 − 𝑉𝑉0)�

 (3)
 

where kB is Boltzmann’s constant, e is the electron charge, T is temperature, V is voltage, and V0 

is an offset voltage set by the free energy of adsorption.  The change in surface stress is the 

maximum surface stress multiplied by the fraction of adsorbed sites, ∆𝛾𝛾 = 𝛾𝛾𝑚𝑚𝜑𝜑, so that we can 

rewrite equation 1 as: 

∆𝜅𝜅 =
𝛾𝛾𝑚𝑚ℎ

2𝐷𝐷(1 + 𝜈𝜈)
1

1 + exp � −𝑒𝑒
𝑛𝑛𝑘𝑘𝐵𝐵𝑇𝑇

(𝑉𝑉 − 𝑉𝑉0)�
 (4)

 

where we have included n, a non-ideality factor to account for the fact that the curvatures take 

place over a wider voltage range than predicted by the ideal adsorption process described above. 

The black line in Fig. 4.4B fits the data with this equation with n = 1.2. We that find n is 

typically between 1.2 and 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. 

Possible explanations for the broader width of the transition include surface contamination or 

defects at the surface and different adsorption energies dependent on the crystal grain structure, 

all of which can be affected by the fabrication process.  
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Figure 4.4: Reversible actuation of SEAs via adsorption. (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) 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 
(X)). (C) Actuation over many repeated cycles. The response is highly reproducible in the 
voltage windows used here, with devices cycling hundreds of times without degradation. (D) 
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. 
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In the adsorption regime SEAs bend quickly and reversibly over many cycles. Fig. 4.4C shows 

the curvature of a SEA with repeated cycling. The surface chemistry to drive bending takes place 

very quickly so that the response time of the actuator is set by the viscous drag of the fluid. This 

sets the response time of the actuator to 10-100 ms in aqueous solutions as shown in Fig. 4.4D, 

depending on the geometry of the actuator. The force balance between viscous drag and bending 

is also a way to verify bending stiffness of the actuators. The characteristic time constant for long 

thin elastic filaments in response to a step function actuation is given by18,19:  

𝜏𝜏 =
11
60

𝜋𝜋𝜋𝜋𝐿𝐿4

𝐷𝐷𝑊𝑊 log � 4𝐿𝐿
𝜋𝜋𝑊𝑊�

 (5) 

Fig. 4.4D 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, in agreement with the value calculated from bulk materials 

properties.  

SEAs’ efficiency can be approximately calculated by comparing the energy to charge the 

platinum surface with the energy stored in bending. In the oxygen adsorption regime, the 

actuator bends in response to an adsorbed charge surface density, σ, of about 1.3 C/m2 20–22 in 

response to a change in voltage of about 0.3 V. The input energy per area is given by: 

𝑈𝑈𝑎𝑎𝑎𝑎𝑏𝑏𝑎𝑎𝑏𝑏 = 𝜎𝜎𝑉𝑉 ≈ 0.4 J m2⁄  (6) 

The bending energy per unit area is given by: 

𝑈𝑈𝑎𝑎𝑎𝑎𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
1
2
𝐷𝐷∆𝜅𝜅2 ≈ 10−4 J m2⁄  (7) 

yielding an efficiency between 10-3 and 10-4. In practice, this is a maximum efficiency; platinum 

reduces oxygen gas in solution, drawing additional current that further decreases the efficiency. 
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However, at reasonable operating frequencies greater than about 1 Hz, current from adsorption 

dominates and the previous calculation is an accurate approximation of efficiency. In the 

concluding chapter of this dissertation, we return to the topic of actuator efficiency and will 

discuss ways to make actuators more efficient in the future. 

 

4.4 Shape Memory Actuation Based on Oxidation 

In addition to adsorption actuation, SEAs have another actuation regime based on 

oxidation of platinum that occurs when we apply larger positive potentials. Figure 4.5A shows 

the curvature versus voltage for a TiO2/Pt SEA from −0.4 V to 1.3 V. The beginning of this 

sweep from -0.4 V to about 0.4 V shows the sigmoidal shape characteristic of oxygen adsorption, 

as discussed in the previous section (labeled with Roman numerals I and II on the graph). From 

0.5 V to 1.3 V, the SEA continues to flatten (III to IV), corresponding to a broad oxidizing 

(positive) current on the cyclic voltammogram. This actuation is not chemically reversible; as we 

sweep the potential back to -0.4 V, the SEA stays at almost the same curvature until about -0.1 V 

(IV to V) before rapidly returning to its initial curvature (V to I), corresponding to a reduction 

peak (negative current) on the cyclic voltammogram. This hysteresis in curvature is, in fact, 

indicative of a “curvature memory” – the ability to hold a curvature in the absence of an applied 

voltage. The curvature of a SEA during curvature memory operation is shown in Fig. 4.5D. To 

obtain these data, we began with the device in the fully reduced state, applied a constant voltage 

for 2 s, disconnected the device, and measured its curvature versus time. For voltages lower than 

0.5 V, the device curvature relaxed to 1.2 µm−1 over a time scale of seconds. For larger applied 

voltages, the device curvature saturated at a fixed value that depended on the applied voltage and 

writing time. For large applied voltages, these curvatures were maintained over a three-hour 



 

61 

measurement (Fig. 4.5C).  

The shape-memory “read,” “write,” and “erase” operations of a simple SEA gripper are 

shown in Fig. 4.5C. The microgripper consists of SEA hinges linking 10 µm–by–10 µm rigid 

panels. After we apply a large voltage, the SEA hinges are flat and the gripper is open. To erase 

the state, a voltage of −0.5 V was applied to the SEA relative to the Ag/AgCl reference electrode 

that caused the gripper to change into the closed position. To read the state, we lifted the voltage 

probe and observed the bending state of the device at its open circuit potential (OCP) in the 

microscope. Upon lifting the probe, the gripper relaxes slightly. For the pH 7.45 conditions 

reported here, removing the probe resulted in an effective OCP of about 0.3 to 0.4 V, at which 

point the reduced platinum surface quickly adsorbs a monolayer of O2−/ OH− ions, causing the 

platinum surface to expand slightly and relax the actuator. To write the original state again, a 

voltage of 1.1 V was used to return the gripper to the open position. This shape-memory 

operation can be repeated hundreds of times.  

The mechanism behind this shape memory actuation is platinum oxidation, as can be 

inferred from the cyclic voltammetry’s alignment with prior electrochemical studies of 

platinum23–26. Figure 4.5E describes the electrochemical mechanism behind the shape-memory 

operation. Low voltages cause reversible electrochemical adsorption of O2
−/OH− ions 

decomposed from the water onto the Pt (states I and II in Fig. 4.5E), the actuation mechanism 

described in the previous section. At higher positive writing voltages, the initial O2
− adatoms 

undergo an interfacial place exchange process with the Pt surface atoms, leading to a quasi-three-

dimensional (3D) surface lattice25, and finally exchange with the deeper Pt ions to form a 

nanometer-thick nonstoichiometric oxide PtOx (states III and IV in Fig. 4.5B). The extent of 

platinum oxidation sets the curvature of the actuator. Unlike adsorption of ions onto the surface 
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at low voltages, this oxidation process is irreversible within a finite electrochemical window over 

the time scales of hours, well beyond that needed for many applications. Consistent with this 

observation, the cyclic voltammetry shows that there is a separation of ~1 V between the 

oxidation plateau and the reduction peak (the top curve in Fig. 4.5A). This allows the actuator to 

hold a range of different curvatures. 
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Figure 4.5: Actuation and electrochemistry of shape memory. (A) Characterization of the cyclic 
voltammetry and bending curvature versus applied voltage at a sweep rate of 1 V/s. The schematic 
insets illustrate the state of the actuator. (B) The curvature of a SEA versus time after the SEA is 
oxidized at different voltages for 2 s and disconnected from the power source. For voltages less of 0.5 V 
and less, the actuator returns to a curvature of 1.2 µm−1, corresponding to surface adsorbed oxygen. At 
higher voltages, labeled oxidized shape memory regime, the actuator can hold a range of curvatures, 
corresponding to different amounts of surface oxidation. Inset: The curvature relaxes quickly from 1.7 
to 1.2 µm−1 after disconnecting from the erasing signal. (C) Curvature versus time for a SEA in the 
absence of an applied voltage. The SEA is oxidized at 1.2 V versus Ag/AgCl for 2 seconds, then we 
remove the probe and observe the curvature versus time. The SEA holds its state with only small 
changes in curvature over three hours. (D) Optical micrographs showing shape memory actuation of a 
SEA microgripper. The SEA microgripper starts in the oxidized state. We then apply −0.5 V versus 
Ag/AgCl to reduce it (Erase), causing the panels to curve up. When we remove the probe (Read), the 
SEA hinge remains in the reduced curved state under the OCP. We oxidize the SEA hinge again by 
applying 1.1 V versus Ag/AgCl, causing the SEA hinge to flatten (Write). The SEA hinge remains in 
the oxidized, flat state when we remove the probe (Read). (D) Schematic of the electrochemical 
processes. After oxygen adsorption, the surface of the platinum oxidizes associated with nonvolatile 
oxidation and reduction of the platinum over a broader voltage range. Red layer, Pt; green layer, inert 
layer; black layer, PtOx.  
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The writing/erasing operations, switching speed, and cycling stability of a SEA are 

shown in Fig. 4.6. Fig. 4.6A shows rapid switching between the oxidized and reduced states 

using brief electrical pulses of 1.1 and −0.5 V, respectively, a process reminiscent of 

writing/erasing electronic states in a nonvolatile information storage device. Switching between 

these states is very fast, as shown in Fig. 4.6B. The actuator returns to the completely reduced 

state in less than 20 ms, a time scale that depends on actuator dimensions and is consistent with 

fluid drag limited motion. The oxidation process is slower (Fig. 4.6B), but with the most rapid 

change still occurring in less than 100 ms. SEA oxidation/reduction is repeatable, with only a 5% 

variation in the oxidized/reduced states after ~100 cycles of operation (Fig. 4.6C, D). We have 

measured the actuation amplitude for a larger number of cycles, showing that the amplitude 

decreases by about a factor of two over 2000 cycles (Fig. 4.7). The actuators have the highest 

curvatures over the first ~100 cycles and more stable actuation at lower curvature values after 

several thousand cycles.  

We do not know what causes the reduced actuation amplitude over multiple of cycles. 

Plastic behavior of the actuator at large strains, structural changes to the crystal surface, and 

defect formation could all contribute and could be investigated in future work. One known effect 

that would limit the durability during oxidation and reduction of platinum is electrochemical 

corrosion. During the reduction of the platinum oxide, a small fraction of platinum ions will form 

soluble Pt2+ at the surface of the platinum and dissolve in the electrolyte27. On the basis of the 

previously reported corrosion rate of platinum of 2 ng/(cyc·cm2) in 1× PBS solution27, a 10-nm-

thick microactuator would completely dissolve after 104 cycles. While the dissolution alone does 

not explain the decrease in the actuation amplitude – a thinner film should nominally bend more, 

not less – it does highlight that at the voltages for shape memory actuation, a number of other 
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electrochemical processes come into play that could cause structural changes to a SEA, limiting 

the cyclability of the actuator. 

To quantitatively understand the SEA operation, we note that the change in curvature, 

∆κ, for the SEA hinge is related to the layer thickness hox of the surface oxide via the Stoney 

equation28 

∆𝜅𝜅 =
𝐸𝐸𝑜𝑜𝑜𝑜𝜀𝜀𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜ℎ𝑠𝑠
2𝐷𝐷(1 + 𝜈𝜈)  (8) 

where εox, D, Eox, hs, and v are the strain in the oxide layer, bending stiffness of the actuator, the 

Young’s modulus of the oxide, and the thickness and Poisson ratio of the Pt/TiO2 substrate, 

respectively. We estimate the overall film thicknesses using TEM measurements. The Young’s 

Moduli of PtOx, Pt and TiO2 are all between 150 and 250 GPa.  We estimate the modulus of the 

platinum oxide and the effective modulus of the Pt/TiO2 layers is calculated to be approximately 

200 GPa; this effective modulus is used to calculate the bending stiffness. Thus, the oxide 

thickness hox and strain εox are the only unknowns. 
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Figure 4.6: Electrically programmable memory, switching speed, and cycling stability. (A) The 
bending curvature of a SEA hinge (top) is toggled between the reduced and oxidized shape-memory 
states via short writing (1.1 V) and erasing (−0.5 V) pulses (bottom). (B) Normalized curvature of a Pt/Ti 
SEA hinge versus time. We find that the curvature switches on a time scale of ~50 ms during the 
oxidation of the platinum with slow continued change in curvature after that. We find an even faster 
switching time of ~10 ms during the reduction of the platinum. (C) SEA hinge curvature versus number 
of actuation cycles with an applied voltage sweep of −0.4 to 1.05 V at a frequency of 1 Hz. (D) The 
applied voltage and resulting curvature change versus time for the cycle highlighted by the red dashed 
rectangle in (C). We find that SEA can be cycled over 100 times with only a 5% variation in the curvature 
amplitude. 
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Fig. 4.7. Cycling stability of a shape memory SEA for 2000 cycles. The magnitude of 
curvature change versus cycle number with an applied voltage sweep of -0.4 V to 1.05 V at a 
frequency of 1 Hz. The magnitude of curvature change is defined as the difference between the 
highest curvature and the lowest curvature during one cycle. The experimental data were 
recorded at the beginning and final stages of approximately 2000 cycles. The error in measuring 
the curvature is less than 0.1 µm-1, which is comparable to the noise in the experimental data for 
the magnitude of curvature change. 
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To determine hox for different oxidation conditions, we conducted a separate experiment 

to measure the in-plane conductivity of ALD platinum thin films during electrochemical 

oxidation as shown in Fig. 4.8. Related work has studied oxidation/adsorption29 and strain30 

using this and similar approaches. Figure 4.8A shows a thin (about 5 nm) ALD Pt film grown by 

the same process as the SEA and a schematic of its cross section. We measure the change in 

conductance during electrochemical oxidation by applying a small, fixed bias (< 100 mV) 

voltage across that structure while simultaneously applying a potential to a silver/silver chloride 

pellet in solution to sweep the solution potential. The cyclic voltammogram in Fig. 4.8B (top 

graph) shows the same voltage dependence for oxidation and reduction as the SEA. In addition, 

the conductance shows the same large hysteresis as the curvature of a SEA. Thus, the oxidation 

profile in these films should be identical to that in a SEA with the advantage that we can measure 

the film conductance. The in-plane conductance of this film is shown as a function of the 

electrochemical potential of the surrounding electrolyte in Fig. 4.8B. This measurement shows a 

large decrease in conductance during oxidation of the platinum film, consistent with previous 

measurements on thin film platinum29. Because platinum oxide has a 10−5-fold smaller 

conductivity than platinum, the change in conductance is directly proportional to the thickness of 

the oxidized layer hox. 
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Figure 4.8: Electrical measurement of surface oxide layer thickness. (A) Top: Cross-sectional 
schematic of Pt/PtOx resistor. Bottom: Micrograph of the platinum resistor used to measure 
conductance as a function of voltage. The dark gray bar in the middle is the atomic layer–
deposited platinum, and the black rectangles are thick platinum contacts. (B) Top: Cyclic 
voltammogram indicating oxidation and reduction of the film at a sweeping rate of 2 V/s. 
Bottom: Change in the conductance of the platinum film versus voltage. Conductance at each 
voltage was determined by measuring current at a small, fixed bias across the device. Arrows on 
the graph indicate the direction of the hysteresis loop. (C) Estimated platinum oxide thickness 
versus log of time for a range of voltages. We used the change in conductance versus time to 
estimate the thickness of the platinum oxide. For voltages greater than about 0.7 V versus 
Ag/AgCl, we see linear growth versus log(t). (D) Estimated platinum oxide thickness as a 
function of voltage at fixed oxidation times. The dashed lines in (C) and (D) indicate the 
effective thickness of adsorbed oxygen that exists at the OCP. The solid lines are a fit to the data 
based on Eq. 9 with the fitting parameters found in the main text. (E) Comparison of 
experimental data for curvature change during the oxidation process with the calculation. The 
experimental data points are measured after 2 s of oxidation at different voltages. The solid line 
is the prediction based on Eqs. 8 and 9. Here, the prestressed curvature at the reduced state is 
taken to be 1.68 µm−1 (Fig. 2C, inset). 
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Figure 4.8C shows the inferred oxide layer thickness as a function of time for different oxidizing 

voltages, using the methods described in the Supplementary Materials. We set the zero of oxide 

thickness at about −0.3 V versus Ag/AgCl, a potential where the surface is completely reduced 

but hydrogen adsorption has not yet taken place. At low positive voltages, about 0 to 0.3 V 

versus Ag/AgCl, we measured a small change in thickness that is steady over time corresponding 

to the adsorption of oxygen on the platinum surface. At higher potentials, the oxide thickness 

grew continuously over time but remained very thin, ~1 nm, even for long growth times, 

consistent with previous literature24. Above ~0.7 V, the oxide grew approximately 

logarithmically with time, and the slope on a log t scale is relatively insensitive to the voltage in 

this regime. Figure 4.9D shows the oxide thicknesses after applying different fixed voltages for 

the same amount of time. The oxide thickness is linear in voltage above 0.7 V. In this 

logarithmic regime, we find the oxide thickness (hox) is approximately given by: 

ℎ𝑜𝑜𝑜𝑜 = ℎ𝑎𝑎 �
𝑉𝑉
𝑉𝑉0

+ ln
𝑡𝑡
𝑡𝑡0
�  (9) 

 where hr ≈ 0.026 nm, V0 ≈ 0.09 V, and t0 is a fit parameter, t0  ≈  5.3  × 10−7  s when voltage is 

referenced to 0 V versus Ag/AgCl. 

These results agree with the theory and experiments of Conway et al.24, whose place 

exchange model for oxygen at a platinum interface predicts an equation of the same form as Eq. 

9. They disagree with the model of Cabrera and Mott31 and other more recent theories32 where 

the rate limiter is the escape of Pt ions from the buried Pt/oxide interface, predicting 1
ℎ𝑜𝑜𝑜𝑜

∝

log �1
𝑡𝑡
�.  

From Eq. 9, the growth rate for the oxide layer is given by 

𝑑𝑑ℎ𝑜𝑜𝑜𝑜
𝑑𝑑𝑡𝑡

=
ℎ𝑎𝑎
𝑡𝑡0
𝑒𝑒(𝑉𝑉 𝑉𝑉0−ℎ𝑜𝑜𝑜𝑜 ℎ𝑟𝑟⁄⁄ ) (10) 
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This dependence indicates that the growing oxide layer thickness hox provides an increasing 

barrier to further growth. Thus, when the applied voltages are low, as is the case in the OCP, a 

very thin oxide layer is sufficient to markedly slow further oxidation. At higher voltages, 

oxidation proceeds deeper into the platinum before slowing. Conversely, the oxide film also 

forms a barrier for reduction of the film in the absence of a reducing voltage, which is why the 

shape memory is held for such long times. Compared with oxide growth, reduction of the oxide 

film with a negative voltage versus Ag/AgCl takes place quickly.  

Equations 8 and 9 allow us to design (or write) a desired curvature/oxide thickness on the 

SEA by selecting an appropriate oxidation time and voltage. The only parameter remaining 

unknown in Eq. 8 is εox. To determine this strain, we used the data from the 0.4- and 1.1-V 

curves in Fig. 2C and found that εox ≈ 3% for Pt/TiO2 SEAs. This value is less than but 

comparable with the relative expansion of PtO2 compared with Pt of about 10%33,34, indicating 

either an incomplete oxide layer formation or other mechanisms of stress relief besides bending. 

With this calibration, Eqs. 8 and 9 can be used to determine the curvature for any combination of 

oxidation voltage and time. We used this approach to calculate the resulting curvature of films 

that were oxidized for 2 s at different voltages (Fig. 4.8E). We found excellent agreement 

between our predictions and the experimental data in the shape-memory regime (above 0.6 V 

versus Ag/AgCl). The deviation below 0.6 V arises from the fact that the oxygen adsorption at a 

lower voltage does not obey Eq. 2. The error in Fig. 4.8E results from manufacturing differences 

between devices and errors in the measurement of the curvature based on the microscopic 

images. 

Despite being ultrathin, these actuators generate a substantial force. Their bending 

stiffness is estimated to be about 1.5 × 10-14 J, higher than that for platinum/ graphene SEAs 
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based on the additional capping layer. Based on this value, a square SEA with a change in 

curvature of 1.8 µm−1, which is close to the platinum yield strain35–38, generates a force of 

approximately 30 nN at its end. This force is about an order of magnitude greater than the force 

for platinum/ graphene SEAs based on both greater curvature and bending stiffness.  

The maximum efficiency for shape memory actuation of a SEA is given by the ratio of 

the electrical energy in per area to mechanical energy out. The surface oxide forms between two 

and three platinum layers deep, giving an effective surface charge of about 3 C/m2 at an applied 

voltage of about 1.2 V, giving an electrical energy in of about 4 J/m2. The bending energy is 

about 2 × 10-2 J/m2, indicating that the maximum efficiency of SEAs operating in the memory 

regime is between 10-2 and 10-3. 

 

4.5 Conclusion 

SEAs meet all the requirements for electronically controlled, microscale robot actuators: 

small radii of curvature, fast response time, low-voltage actuation, low power, substantial force 

output, shape memory, and repeatable actuation. To our knowledge, no other actuator combines 

these properties. The next two chapters will discuss applications of these actuators, first in 

microsystems generally, and then specifically in microrobots. 
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CHAPTER 5 

DEMONSTRATIONS AND APPLICATIONS OF SURFACCE ELECTROCHEMICAL 

ACTUATORS 

 

5.1 Introduction 

SEAs have numerous potential applications in microsystems. In chapter 6, we will 

discuss in detail how SEAs are integrated with microelectronics to create completely released, 

freely moving microscopic robots. Before proceeding to robots, we will touch upon other 

projects using SEAs that are in progress: (1) micron-scale fluid pumping and swimming and (2) 

multistable machines and metamaterials. Section 5.3 is adapted from Liu et al.1 

 

5.2 Micron-scale Fluid Pumping and Swimming 

SEAs’ fast response times and high curvatures make them a good material for 

mechanically generating micron-scale fluid flow. Initial experiments have demonstrated that 

SEAs can pump fluid in several geometries, which could ultimately be used for making 

swimming microrobots2–5 and for microfluidic pumping and mixing6–10.  

 

5.2.1 Purcell pumping 

Based on their size, SEAs operate at low Reynolds number: viscous forces in the fluid are 

much greater than inertial forces. At low Reynolds number, mechanical motion must break time-

reversal symmetry to generate a net flow11, something that SEAs can do directly because they 

can be addressed and actuated independently. Fig. 5.1 shows a simple example of a microfluidic 

pump that generates nonreciprocal motion using two SEAs. This pump is inspired by Purcell’s 
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three-link swimmer5,11–15 (Fig. 5.1A). It consists of three rigid links and two independently 

actuated hinges. Fig. 5.1B shows microscope images of this three-link structure. The links are 

made of polymer panels connected by two SEA hinges. By contacting each SEA with a separate 

microprobe, we can operate each SEA independently, demonstrated by the alternating actuation 

pattern shown in Fig. 5.1C. We plot the angles formed by the hinges in Fig. 5.1C against each 

other to make the plot shown in Fig. 5.1D. Stroke patterns like this one that form a loop when 

plotted in angle space break time reversal symmetry; time reversal changes the direction the 

actuation progresses around the loop.  

Figure 5.1E shows the measured flows superposed on optical images for two stroke 

patterns. To measure the flow, we use one micrometer polystyrene beads to trace the flow around 

a three-link pump and analyze the flow pattern using an ImageJ particle image velocimetry 

plugin. In the top image, the SEAs are actuated in phase, the stroke pattern does not break time 

reversal symmetry, and there is no net flow in the solution. In the bottom image, the SEAs are 

actuated out of phase, breaking time-reversal symmetry, and generating a net flow in the fluid. 

Pumps like this one have several convenient features. We can switch the flow direction by 

switching the phase of the actuators. The flow speed also scales linearly with frequency for 

frequencies lower than about 30 Hz and plateaus to a maximum flow speed at higher frequencies 

(Fig. 5.1F). The fit line in Fig. 5.1F is given by: 

𝑣𝑣𝑓𝑓 = 𝐶𝐶
𝑓𝑓

�1 + �𝑓𝑓𝑏𝑏�
2

 (11)
 

where vf is the flow speed, f is the frequency, and b and C are constants. The equation is based on 

assuming that the flow speed is proportional to the amplitude multiplied by the frequency of the 

panel motion and on modeling the panel motion as an overdamped driven oscillator. Based on 



 

78 

this model, b is given by 𝑏𝑏 = 𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎
2𝜋𝜋𝜋𝜋∆𝑎𝑎

 where Fact is the force exerted by the actuator on the panel, 

Δr is the maximum displacement of the panel, and ζ is the drag coefficient. Using the fit value of 

b ≈ 40 Hz, the maximum displacement of the panel measured at low frequency, Δr = 16 μm, 

approximating the drag of the panel with Stokes’ law, and taking the effective Stokes radius of 

the panel to be the width of the panel, we find a force of about 1 nN, matching the value 

previously calculated for actuation via oxygen adsorption. This indicates that the Purcell pump 

reaches a maximum pumping speed when the drag force on the panel matches the force exerted 

on the panel by the SEA and that this frequency is approximately 40 Hz, dependent on the 

geometry of the SEA and panel. 

 

5.2.2 Flagellar pumping 

Long, flexible SEAs can also generate fluid flow, behaving like biological cilia or 

flagella. When a long, flexible SEA oscillates at sufficiently high frequencies, fluid drag causes a 

phase delay along the length of the actuator, causing the actuator to bend with a wavelike pattern 

that results in a net flow. This generates a net flow when a dimensionless number known as the 

Sperm number, Sp, is greater than about one2,16. 

𝑆𝑆𝑝𝑝 = 𝐿𝐿
�𝐷𝐷𝑊𝑊𝜍𝜍⊥𝜔𝜔

�
1 4⁄�

 (12)
 

where L is the length of the flagellum, W is the width of the flagellum, D is bending stiffness, ω 

is the angular frequency of actuation, and ς⊥ is the perpendicular viscous coefficient (given by 

𝜍𝜍⊥ = 4𝜋𝜋𝜋𝜋
ln(𝐿𝐿 𝑊𝑊⁄ ) where µ is viscosity). For a Ti/Pt SEA like the one shown in Fig. 5.2A with a length 

of 34 µm, a width of 5 µm, and a bending stiffness of approximately 1.5 × 10-14 J operating in 

water, the frequency for a Sperm number of one is low, approximately one Hertz.   
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Figure 5.1: Purcell three-link pump using SEAs. (A) Schematic of a three-link swimmer 
consisting of two hinges and three rigid links from Purcell’s 1979 lecture. (B) Optical 
micrograph of a three-link pump. Two microprobes at the bottom of the image contact two 
independent SEA hinges. The metal of the SEAs appears dark gray, and the hinges are defined 
by polymer panels, which have a dark outline. (C) Micrographs showing the actuation pattern 
used to generate fluid flow. (D) Graphical representation of the actuation pattern, plotting the 
angle of one actuator versus another. Any actuation pattern that forms a loop in this angle breaks 
time reversal symmetry and can generate a net flow. (E) Particle image velocimetry (PIV) 
images superposed on optical micrographs showing the net fluid flow near a three-link pump. In 
the top image, we actuate the hinges in phase with each other. They do not break time reversal 
symmetry and therefore do not generate a net flow. In the bottom images, we actuate the hinges 
90º out of phase with each other. This breaks time reversal symmetry and generates a flow from 
the top to the bottom of the image. Both images are taken at an actuation frequency of 10 Hz. (F) 
Fluid flow speed as a function of actuation frequency for a three-link pump. 
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For frequencies greater than one Hertz, PIV measurements show fluid flow resulting 

from the motion of the SEA (Fig. 5.2B). Plotting the fluid flow versus frequency (Fig. 5.2C) also 

shows that the flow speed reaches a maximum around 80 Hz, corresponding to a Sperm number 

of about four, typical of flagella at low Reynolds number2,16,17. 

 

5.2.3 Future directions for SEA pumps 

These results for three-link pumps and flagella are only a starting point for designing 

microsystems for fluid flow and swimming with SEAs. Ongoing work in our collaboration is 

investigating arrays of long, flexible SEAs for fluid pumping, similar to ciliated surfaces in 

biological systems7,18–20. Significant work could also be done to optimize fluid pumping with 

hinged structures like the three-link pump. Arrays of three-link-style pumps could generate 

microscopic fluid flows; flow speed would increase linearly with frequency over a range of 

frequency values and flow direction could be reversed simply by changing the phase. Finally, 

any design for microfluidic pumping could also be integrated with microelectronics to make 

swimming microscopic robots. 
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Figure 5.2: SEA Flagellum. (A) Optical micrograph of a SEA flagellum. We contact the flagellum 
(light gray, curved) with a microprobe touched down to a 30 µm square metal pad. The small 
gray dots throughout the image are polystyrene microbeads for particle image velocimetry (PIV). 
(B) PIV images of the fluid flow around the flagellum at different frequencies. (C) Fluid speed 
versus frequency. The speed is measured 10 µm away from the end of the SEA to avoid effects 
from the motion of the SEA; it shows the dependence of flow speed on frequency, but not the 
peak fluid speed. 
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5.3 Multistable Machines and Metamaterials 

The large, predictable curvature and shape memory of SEAs allow for the design of 

micromechanical elements with controlled multistable configurations. We show a variety of such 

microscale shape-memory devices in Fig. 5.3. These structures use origami and kirigami-based 

designs21–25 with actuators and rigid panels as shown schematically in Fig. 5.3A. Mountain and 

valley folds are dictated by the growth order of the Pt and inert layers and location of the rigid 

panels using a previously reported approach26. Bidirectional folding creates combinations of 

mountain (downward) and valley (upward) folds, greatly expanding the space of the shapes 

compared with unidirectional folding. Microscopic actuating surfaces switching between two 

stable states are shown in Fig. 5.3B, C. These surfaces are composed of rigid central panels that 

are actuated by multiple hinges, which act as parallel mechanisms. They have translational 

strokes of 20 to 30 μm either perpendicular or parallel to the substrates, enabling microstages 

with 3D motion, and output forces about 10,000 times the weight of the devices. Using origami 

techniques, these shape-memory actuators can also be used to design complex 3D shapes. In Fig. 

5.3D, a classic origami motif is shown, a microduck folded from a flat sheet, showing that shape-

memory SEAs can be used to hold the 3D body configuration of a microrobot with no power 

consumption. Fig. 5.3E shows a mechanical metamaterial, the canonical Miura-Ori pattern, with 

a negative Poisson ratio, a motif that has previously been used to demonstrate shape morphing 

structures and programmable metamaterials27–29. Fig. 5.3F shows an electrically addressable 

array of SEA hinges that can memorize an input signal. The designs in Fig. 5.3 are stable in both 

their flat state and their folded state without any external signals applied.  

These elements demonstrate the breadth of mechanically active shape-memory structures 

that can be created at the microscale with SEAs. The demonstrated micro-shape-memory 
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actuators can be fabricated in parallel and are built with standard materials and photolithographic 

processing, leading to numerous potential applications. Their optical wavelength–sized radii of 

curvature could be harnessed to build nanophotonic devices such as mechanically reconfigurable 

optical metamaterials and metasurfaces30,31 and adaptive topological photonics32. By taking 

advantage of origami and kirigami-based mechanisms, grippers and other manipulation devices 

could be designed for applications in microsurgery33–35. Last, SEA standard fabrication protocols 

allow easy integration with microelectronic circuits and sensors, and their shape-memory 

operation allows them to function without continuously using power. These properties will be 

invaluable for the design and fabrication of microscopic robots, as described in the next chapter.  
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Figure 5.3: Multistable micropositioners, origami, metamaterials, and memory arrays using 
SEAs. (A) The schematic shows the cross section of a bidirectionally folded SEA device defined 
by the alternating deposition of Pt, inert Ti, or TiO2 layers, and rigid panels. (B and C) Kirigami-
based bistable micropositioners that move the central stage to a new fixed position and retains its 
states. (B), along the z axis; (C), along the xz plane. Optical microscopy image sequence in (B) 
shows that the device was switched between two bistable states in the PBS (1×, pH 7.45). In (C) 
to (E), schematics and SEM images of the structure before (grayscale) and after shape-memory 
actuation (false color) are shown on the top left, bottom left, and right, respectively. Pt/Ti 
actuators are shown in yellow and rigid panels are shown in orange. (D) Microscale origami 
duck transforming from a flat sheet and holding its 3D shape. (E) Origami-based microscale 
metamaterial. (F) Microscale SEA array that detects a signal and maintains memory of that 
signal. The image sequence shows that the orange arrow points to a previously actuated shape-
memory element, whereas the yellow arrow points to an element undergoing current actuation. 
Scale bars, 20 μm. 
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CHAPTER 6 

SMART MICROSCOPIC ROBOTS 

 

6.1 Introduction 

Researchers have demonstrated many approaches for microrobotic locomotion including 

magnetic1–4, chemical5–16, biohybrid17,18, and ultrasound19–22 with useful properties such as 

phototaxis23–25, chemotaxis26,27, and magnetic control of motion direction2,28. However, as we 

noted in the first chapter of the dissertation, none of these devices can performing complex tasks 

autonomously. They either perform one function (active matter) or must be controlled externally 

to achieve complex behavior (microscopic machines). Prior work within our group developed 

microrobots made with surface electrochemical actuators (SEAs) and silicon photovoltaics, a 

proof of concept for microrobots with silicon electronics29. In this chapter, we demonstrate the 

first smart microscopic robot, a robot that can actuate its legs independently and walk 

autonomously without any input of information. This work paves the way for smart microscopic 

robots that can sense and respond to their environment, receive commands, perform complex 

functions, and communicate with the outside world. 

 

6.2 Clockbot: First Microscopic Robot Integrated with CMOS 

Fig. 6.1 shows the first smart microscopic robot. An optical micrograph of one of these 

robots with labeled parts is shown in Fig. 6.1A. Its body consists of photovoltaics for powering 

the robot and a 180-nm node CMOS circuit with approximately 1000 transistors to control the 

robot. The legs of the robot once again consist of SEAs and rigid panels, in this case panels of 
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SiO2. At the top and bottom of the robot are large, exposed platinum pads wired to the circuit’s 

ground. These panels serve as the counter electrodes to the actuators, allowing the legs to move 

independently of each other. Fig. 6.1B shows a microscope image of the circuit of a released 

robot. Using infrared light and viewing a released robot from underneath, we can see parts of the 

CMOS circuit that controls the robot (Fig. 6.1B). This circuit has a simple function: to output 

phase-shifted square waves to the legs of the robot, allowing it to walk. Because the outputs of 

the circuit are square waves with a constant frequency, we call the robots built around these 

circuits “clockbots.” We fabricate many microrobots in parallel – Fig. 6.1C shows an array of 

microscopic robots with a variety of designs prior to release. Each robot is inside a 300 µm by 

300 µm square, meaning that almost 100,000 robots could be fabricated on a 4-inch wafer. Fig. 

6.1D shows a 3D model of a released robot. Upon release into an aqueous environment, the legs 

bend under the body of the robot. When we illuminate the robot with light, the robot moves 

autonomously without any additional inputs. These robots operate in light intensities of about 1 

kW / m2, equivalent to direct sunlight outside on a sunny day. Fig. 6.1E shows time-lapse images 

of a clockbot walking, with images taken at 25 s intervals. In this chapter, we will discuss the 

control circuit for clockbot, the fabrication process to build clockbots, and the way these robots 

walk. We will conclude with a discussion of future directions for microscopic robots with CMOS 

brains.
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Figure 6.1: CMOS-integrated microscopic robots. (A) Optical micrograph of a microrobot. The 
body consists of photovoltaics and a circuit that powers and controls surface electrochemical 
actuators (SEAs). The joints of the legs are defined by SiO2 panels. The SEAs operate in 
response to voltages applied versus large platinum ground electrodes on the robot. (B) Infrared 
microscope image of a released microscopic robot. The IR imaging reveals the CMOS circuitry 
that controls the robot. (C) Optical micrograph of an array of microscopic robots. They are 
photolithographically fabricated in parallel on a silicon-on-insulator wafer. (D) Schematic of a 
CMOS integrated microscopic robot. The robot consists of a CMOS circuit body powered by 
photovoltaics that controls SEA legs. In full field illumination, the robot moves autonomously.  
(E) A released microscopic robot moving on a glass substrate. The images are taken at 25 s 
intervals. Scale bars are 100 µm. 
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6.3 Clockbot Circuit Design and Testing 

Fig. 6.2A shows an optical micrograph of a clockbot integrated circuit. These circuits are 

designed at Cornell and are fabricated by X-FAB Silicon Foundries with a 180 nm node CMOS 

process on silicon-on-insulator (SOI) wafers. A clockbot circuit has a length of 94 µm and a 

width of 55 µm. At the top of the circuit are four photovoltaics. The large pair of photovoltaics 

power the legs of the robot; the small pair power the circuit. The metal layers on top of the 

clockbot circuit give the robot designer access to eight outputs, a frequency selector, and circuit 

ground, as labeled in the image. The eight outputs correspond to eight phase-shifted square 

waves that go between positive and negative 0.6 V, allowing us to wire different legs to different 

phases to set the gait of the robot. We set the frequency of the square wave outputs by wiring the 

I-shaped pins to the bar above them with post processing, with frequencies ranging from about 1 

Hz to about 128 Hz by factors of two. 

Turning a constant input light signal into a set of square waves with adjustable 

frequencies requires multiple component circuit blocks, labeled on the circuit CAD layout and in 

a block diagram in Fig. 6.2B and 6.2C, respectively. The integrated circuit photovoltaics (PVs 

for IC) power a proportional to absolute temperature (PTAT) current source, providing a 

constant current to a relaxation oscillator that provides the circuit with a series of short high 

frequency pulses at ~32kHz to serve as a clock output30. We then use a frequency divider that 

consists of a series of D-type flip-flops to convert the pulses to a 50% duty-cycle signal and 

decrease that clock frequency to a range usable for the robot. We set the exact number of times 

the frequency is divided when we wire up the frequency selector. The phase shifter offsets the 

square waves controlling each output by multiples of one-eighth of a period, producing the 

phase-shifted square waves. These output signals control the driver for the legs which switches 



 

92 

from applying positive to negative voltages to the SEAs. 

We test the clockbot circuits in the lab by wiring up the frequency select, connecting to 

the output states and ground, and shielding the circuit from light with a metal layer (Fig. 6.2D). 

This last step is necessary for the circuit to function appropriately. If the circuit is exposed to 

light, photocurrents at p-n junctions in the silicon cause the circuit to malfunction. We use probes 

connected to micromanipulators to touch down to the pads for outputs and ground. We connect 

the output of the circuit to the input of an Ithaco 1211 preamplifier and measure the output of the 

preamplifier with a digital oscilloscope (Picoscope). For voltage measurements, we put the 

output of the clockbot circuit across a 100 MΩ resistor prior to the input of the preamplifier and 

calculate 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 MΩ) to give an accurate 

voltage measurement.  

Fig. 6.2E and Fig. 6.2F show measured currents and voltages for the clockbot circuit.  In 

Fig. 6.2E, we plot the current versus time for two incident light intensities, 2.5 kW / m2 and 7 

kW / m2 of 660 nm light. The current increases with light intensity as expected, yielding a 

photovoltaic responsivity of about 0.3 A/W and an open-circuit voltage of ~0.6V, typical values 

for silicon pn-junction photovoltaics of similar thicknesses31. Based on this value and the charge 

per area for oxygen adsorption actuation of a SEA, approximately 150 µC / cm2, we expect the 

circuit to be able to drive SEAs with an exposed platinum surface of about 0.1 mm2 at 1 Hz at 1 

kW / m2 input light intensity, a value more than sufficient for operating the microscopic robots. 

Fig. 6.2F plots the voltage versus time from two different phase outputs measured 

simultaneously. Each state outputs the expected voltage of about ±0.6 V, spanning the oxygen 
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adsorption actuation voltage for SEAs as discussed in the previous chapter29. The phase 

difference matches the expected 90º phase difference for outputs 1 and 3. In addition to the 

clockbot design shown here, we also included variants with three photovoltaics that apply 

voltages of 1.2 V and -0.6 V, intended to increase the actuation amplitude via surface oxidation 

of the platinum. Taken together, these results indicate that the clockbot circuit performs as 

designed, serving as a flexible platform around which we can build microscopic robots. 

 

6.4 Fabrication of CMOS-Integrated Microscopic Robots 

After testing the circuits, we undertake the fabrication process to build microscopic 

robots. The process is based on previous work in our group building and releasing 

microelectronics31, microrobots29, and actuators32, but modified to accommodate CMOS 

electronics and is shown in Fig. 6.3. We perform the fabrication on chips diced from the wafers 

received from XFAB that are approximately one inch long on each side. The microrobot circuits 

are located at the center of 300 µm by 300 µm squares bordered by a grid of metal fill, 

interleaved metal, and oxide (Fig. 6.3A). Metal fill is placed around the robots at a density 

sufficient to be compatible with the XFAB foundry’s requirements. As a result, the fabrication of 

each robot proceeds within these squares. The inset of 6.3A shows a schematic cross-section of 

the circuit. The completed robot includes the metal layers, silicon device layer, and buried oxide 

(BOX) layer, resulting in a body thickness of about fifteen micrometers. 
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Figure 6.2: Clockbot Circuit. (A) Optical micrograph of clockbot’s integrated circuit. The circuit 
outputs up to eight phase-shifted square waves to drive actuators. We set the frequency of these 
outputs by hard wiring a frequency select, with available frequencies ranging from about 1 Hz to 
about 128 Hz in factors of two. Scale bar is 20 µm. (B) Image of the circuit’s CAD layout with 
the primary blocks labeled. (C) Block diagram of the circuit. (D) Optical micrograph of the 
circuit wired up for testing.  Scale bar is 100 µm. (E) Current versus time from the circuit at two 
illumination intensities of 660 nm light with the circuit wired to the lowest frequency setting. 
The circuit functions with light intensities from a fraction of a sun to tens of suns, yielding 
output currents from 100’s of nA to a few µA. (F) Voltage versus time measured for two of the 
phase-shifted outputs simultaneously. The voltage alternates between approximately +0.6 V and 
-0.6 V,  which is sufficient to drive the oxygen adsorption actuation of the SEAs. 
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 In Fig. 6.3B, we zoom in on a single circuit and follow it through the fabrication process. 

Accompanying these micrographs are schematic cross sections and top views of the fabrication 

process. A complete fabrication recipe can be found in Appendix A. All steps are performed at 

the Cornell Nanofabrication Facility using photolithography. In steps 1 and 2, we etch down to 

the top metal layer of the circuit, selecting the outputs, frequency, and ground connections 

needed for a particular robot design, and wiring those outputs to larger pads deposited at the 

edges of the circuit to increase the feature size of subsequent lithography steps. In step 3, we etch 

out the body of the robot, removing excess oxide and device silicon. After this step, the 

topography on the chip prohibits spinning photoresist, so all subsequent steps are performed 

using spray-coated negative tone resist (AZ nLOF 2020). In step 4, we simultaneously etch 

through the buried oxide layer and etch down to the previously deposited expanded contacts. In 

step 5, we sputter and lift off Ti/Pt interconnects and ground electrodes from the top of the circuit 

down to the bulk silicon layer. In steps six through eight, we re-encapsulate the circuit and 

interconnects by covering the whole wafer with silicon oxide and deposit a layer of chromium to 

shield the circuit from light. The encapsulation also includes a layer of atomic layer deposited 

aluminum oxide, which we found was necessary to protect the device layer silicon from the 

xenon difluoride used to release the robots from the bulk silicon at the end of the process. We 

pattern the oxide to define rigid panels for the legs of the robot and create openings to the 

interconnects in step 9. In steps 10 through 12, we deposit and pattern the SEAs between the 

panels and on the interconnects to connect them to the circuit. At this point, the robot is complete 

and ready to be released.  

We release these robots by first patterning a protective layer of aluminum over the robot 

(step 13), then etching away the silicon substrate using a xenon difluoride gas etch (step 14). 
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Finally, we release the robots into aqueous solution by placing the chip upside down in a petri 

dish filled with dilute aluminum etchant. Fig. 4.3C shows an optical micrograph of the fully 

released robots with the wafer out of focus above them. Prior to operating the robots, we 

exchange the dilute aluminum etchant for phosphate buffered saline (PBS, pH 7.5). As of writing 

this dissertation, we have only completed this fabrication process in full one time. The first time 

through the fabrication process took over 250 cleanroom hours and spanned several months. In 

the absence of any tool errors or outages or user errors, the fabrication process would take 

approximately 100 hours in the cleanroom and could be completed in about two weeks. The 

yield of working robots from that first successful fabrication was low, estimated somewhere 

between 20% and 40%. We anticipate significantly higher yields for future runs based on minor 

revisions to the process. 

The sizes of the released clockbots range from approximately 100 μm to 250 μm on a 

side, depending on the design. The body of the robot is about 60 µm wide, 100 µm long, and 15 

µm tall and weighs approximately 1.5 nN, a value close to the measured output force of a square 

SEA operating via oxygen adsorption. This consideration informed the design of legs that are 

short and wide for these microbots, providing sufficient forces to lift the body of the robot. 

 

6.5 Autonomous Motion of Clockbots 

The clockbots are designed to move autonomously when powered by light. The following 

subsections show the first steps of two designs of clockbots: Purcellbot and paddlebot. These 

results represent the first successful operation of smart microscopic robots.  
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Figure 6.3: Fabrication process for CMOS-integrated microscopic robots. (A) Optical micrograph 
of an array of CMOS control circuits prior to fabrication. Inset shows a schematic of the cross-
section of one of the circuits with approximate thicknesses of the oxide (green) and silicon (blue) 
layers. (B) Sequence of steps to build microscopic robots from the CMOS control circuits. For 
each step, we show an optical micrograph, a schematic cross-section, and a schematic top view. 
These steps etch out the body (circuit and PVs) of the robot, create wires out from the circuit, 
shield the circuit from light, build legs and connect them to the circuit, and release the robots 
from the silicon substrate. (C) Optical micrograph of released microscopic robots. We release the 
robots by placing the chip upside down in a petri dish filled with diluted aluminum etchant, 
releasing the robots from the chip and into the petri dish. Scale bars are 100 µm. 
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6.5.1 Purcellbot 

In Fig. 6.4A, a series of time lapse images show the movement across a smooth coverslip 

of a simple two-legged clockbot that we call a Purcellbot. The distance traveled by the Purcellbot 

versus time is plotted in Fig. 6.4B. On the flat surface of a coverslip, it moves at about 1 µm/s. 

The circuit is set to the lowest frequency so that this robot performs one complete gait cycle at a 

frequency of about 0.6 Hz. In Fig. 6.4C, we plot the distance traveled per cycle for a Purcellbot 

on the flat coverslip and on a surface textured with 2 µm polymer dots. On the textured surface, 

Purcellbot moves almost twice as far per cycle as on the flat surface, with distances per cycle of 

3 µm and 1.5 µm, respectively. 

The design and gait of this robot are inspired by Purcell’s three-link swimmer33, 

discussed in the previous chapter. Fig. 6.4D shows this actuation pattern and gives a simple 

description how the alternate actuation of the legs allows the Purcellbot to move. Starting from a 

position where both legs are extended (0), when the leading phase leg begins to move, it draws 

closer to the center of mass of the robot. This results in more of the robot’s weight being placed 

on that leg, increasing the frictional force on it, moving the robot forward (1). When the lagging 

phase leg begins its motion, it is further from the center of mass and slides without moving the 

robot until both legs are fully retracted under the body of the robot (2). When the leading phase 

leg starts to move once again, it moves farther away from the center of mass, allowing it to slip 

forward without moving the robot (3). Finally, the lagging leg extends while closer to the center 

of mass, moving the robot forward once more until the legs are back to fully extended, 

completing one cycle (4). Based on this simple model, the maximum distance traveled by the 

robot over one cycle is ∆𝑥𝑥 = 2𝑥𝑥𝑙𝑙𝑏𝑏𝑙𝑙, where xleg is the distance the robot leg moves along the 

surface during actuation.  
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Using measured displacements of the robot legs, we estimate the maximum distance per 

cycle to be 14 µm for this design of robot. On the flat surface and textured surfaces, the 

Purcellbot travels approximately 10% and 20% of this maximum distance per cycle, respectively. 

The distance traveled per cycle can be less than the maximum distance per cycle if the force on 

the leg closest to the center of mass overcomes static friction, causing both legs to slide 

simultaneously. This explanation aligns with the observation that the distance per cycle is greater 

on the higher friction textured surface. 

In the future, there are several changes to the design of Purcellbot that we anticipate will 

allow it to go faster. First, we can increase the frequency at which the legs are actuated. Second, 

we can increase the length of the legs. The following analysis allows us to estimate the 

maximum average velocity 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 leg 1. This force is opposed by the fluid drag on the robot and by the friction on the 

stationary leg, which we label leg 2. The maximum speed of the microrobot is set by balancing 

these forces,  

𝐹𝐹𝐹𝐹1 − 𝐹𝐹𝐹𝐹2 − 𝐹𝐹𝑏𝑏 = 0 

 If the friction on leg 2 is negligible, 

𝑣𝑣𝑚𝑚𝑎𝑎𝑜𝑜 =
𝜂𝜂𝐹𝐹𝑁𝑁𝑑𝑑
𝜋𝜋𝜇𝜇

 

where η is the coefficient of friction on the leg, FN is the normal force on the robot, v is the 

velocity of the robot, µ is the viscosity of the fluid, A is the area of the robot, and d is the 

separation between the body of the robot and the surface29. For Purcellbot, however, the friction 

on the stationary leg is comparable to the friction on the actuated leg. If we assume the normal 

force on Purcellbot is partitioned between the legs based on their proximity to the center of mass, 
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we can write the maximum difference between the friction forces as: 

(𝐹𝐹𝐹𝐹1 − 𝐹𝐹𝐹𝐹2)𝑚𝑚𝑎𝑎𝑜𝑜 =  𝜂𝜂𝐹𝐹𝑁𝑁
𝑥𝑥𝑙𝑙𝑏𝑏𝑙𝑙
𝐿𝐿𝑏𝑏𝑜𝑜𝑡𝑡

 

And the maximum velocity as: 

𝑣𝑣𝑚𝑚𝑎𝑎𝑜𝑜 =
𝜂𝜂𝐹𝐹𝑁𝑁𝑑𝑑
𝜋𝜋𝜇𝜇

𝑥𝑥𝑙𝑙𝑏𝑏𝑙𝑙
𝐿𝐿𝑏𝑏𝑜𝑜𝑡𝑡

 

where Lbot is the separation between the legs when both legs are fully extended. For the 

Purcellbot shown in Fig. 6.4, xleg is about 7 µm and Lbot is about 100 µm. For a clockbot body 

weighing 1.5 nN with a surface area of 100 µm by 190 µm (including ground pads and panels), a 

separation distance of about 20 µm based on the length of the legs, the viscosity of water, and a 

coefficient of friction of 0.2 from prior measurements29, we find a peak velocity between 10 and 

100 µm/s. By using this same design of clockbot and simply increasing frequency, we could 

likely achieve an average velocity of about 10 µm/s. Increasing the length of the legs of the 

clockbot could further increase this average velocity by increasing both d and xleg. With both 

changes, we should be able to achieve peak velocities between 100 µm/s and 1 mm/s and an 

average velocity of about 100 µm/s, allowing even this simple robot design to travel at body 

length per second or greater speeds. 
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Figure 6.4: Motion of Purcellbot. (A) 
Sequence of micrographs showing the 
motion of a Purcellbot walking on a glass 
coverslip. Images are taken at 20 s intervals. 
Scale bar is 100 µm. (B) Distance versus 
time for the robot shown in A. The robot 
moves at approximately 1 µm/s. (C) 
Distance traveled versus actuation cycles 
for a Purcellbot on two different surfaces, 
one flat and one patterned with 2 µm 
polymer dots. The average distance traveled 
per cycle, given by the fit lines, is 3 µm on 
the textured surface and 1.5 µm on the flat 
surface. (D) Schematic of one actuation 
cycle of the Purcellbot, giving a simplified 
description of its motion. The robot 
alternately actuates the front and back leg, 
changing the maximum friction force on 
each leg by switching which is closer to the 
center of mass. When the actuated leg is 
further from the center of mass of the robot, 
it slides without moving the robot. When it 
is closer to the center of mass, the point of 
contact between the leg and the surface 
stays fixed, either pulling or pushing the 
robot forward. 
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6.5.2 Paddlebot 

In addition to the simple two-legged Purcellbots, we also fabricated more complex 

microscopic robots using the clockbot circuit. Fig. 6.5 shows a four-legged robot design that we 

call paddlebot. On this design, each leg has two independently actuated hinges in series, labeled 

hinge 1 and hinge 2 in Fig. 6.5A. This double-jointed design allows a leg to engage the surface 

with the first hinge and push the robot along the surface with the second hinge (Fig. 6.5B). Fig. 

6.5C shows a series of images taken at 5 s intervals, showing paddlebot moving along the surface 

at speeds greater than 10 μm/s. The yield of these and other more complicated robot designs 

from the first fabrication run was very low due to shorting between the interconnects and damage 

to the actuators and panels during fabrication and release. The images in Fig. 6.5B show the only 

paddlebot from that run that moved independently. Nonetheless, it serves as a proof of concept 

for a CMOS-integrated robot with complex arrangements of actuators that will be fully explored 

in fabrication runs and robot testing soon. 
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Figure 6.5: Paddlebot. (A) Optical micrograph of paddlebot, a four-legged robot built around the 
clockbot circuit with two independent hinges on each leg. Scale bar is 50 µm. (B) Zoomed in 
view of one of paddlebot’s legs. The two hinges are connected to different phase outputs of 
clockbot. A flexible ALD platinum wire runs from hinge 2 through hinge one to the interconnect 
to wire it independently from the first hinge. (C) A sequence of optical micrographs of paddlebot 
moving along the surface of a coverslip at speeds of about 10 μm/s. The images are taken at 5 s 
intervals. Scale bar is 50 µm. 
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6.5.3 Microscopic Robot Efficiencies 

We can estimate the efficiency of these robots by comparing the incident power on the 

photovoltaics to the power expended to move the robot through the fluid, given by the drag force 

on the robot times its velocity: 

𝑃𝑃𝑏𝑏𝑎𝑎𝑎𝑎𝑙𝑙 =
𝜋𝜋𝜇𝜇𝑣𝑣2

𝑑𝑑
 

The power incident on the photovoltaics at 1 kW/m2 (one sun) is about 1 μW. For the Purcellbots 

previously shown with a speed of 1 μm/s, the drag power is about one attowatt. This results in an 

extremely low efficiency of about 10-12. As discussed in section, we should be able to increase 

the speed of these robots from 1 μm/s to 100 μm/s without increasing the required input power; 

this would increase the efficiency to about 10-8.  

We can account for this efficiency by considering four “internal efficiencies”: the 

efficiency of the photovoltaics, the power transmission efficiency between the photovoltaics and 

the SEAs, the SEAs efficiency, and the efficiency of motion. The photovoltaics have an 

efficiency 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 charge for the actuators on the robot, about 0.3 

V and about 10 nC. As a result, at a 10 Hz actuation frequency, the power transmission between 

the PVs and the SEAs is about 10%. As discussed in section 4.3, the efficiency of the SEAs is 

about 10-4. Based on these efficiencies, the efficiency of motion is about 10-2. This includes 

portions of the motion that do not propel the robot forward as well as the mismatch in the 

maximum force output by the actuator and the force generating forward motion.  

The inefficiency of the actuators themselves is the single greatest contributor to the low 

efficiency overall. Motivated by this, we will consider how to make more efficient actuators in 

the concluding chapter of this dissertation. 
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6.6 Ongoing and Future Work 

The robots shown in this chapter are only the beginning for CMOS-integrated 

microscopic robotics. We are approaching the end of the second round of microscopic robot 

fabrication on the first set of circuits received from back X-FAB, which will bring with it a 

variety of new microscopic robot designs, some of which are shown in Fig. 6.6. Included in these 

designs are robots built around a different circuit than clockbots. This new circuit allows the 

robot to respond to commands, so we call these robots “dogbots.” An optical micrograph of the 

dogbot circuit is shown in Fig. 6.7A. Like clockbot, dogbot has photovoltaics for powering the 

circuit and actuators and a set of outputs for delivering phase-shifted square waves to the 

actuators. Unlike clockbot, dogbot has an additional optical receiver photovoltaic for receiving 

commands optically encoded in variations in light intensity. A receiver circuit checks the 

variations in light intensity against a set of four-bit commands pre-encoded in dogbot. Dogbot 

knows four commands which are listed in Fig. 6.7B with their corresponding binary codes. 

“On/Off” switches on or off the whole circuit; “Left” and “Right” turn off the left and right-side 

outputs of dogbot, respectively, to allow the robot to turn; and “Shift” cycles through the 

frequencies to change how fast dogbot moves. The commands are delivered to dogbot using 

Manchester encoding at approximately 10 kHz bit rates by delivering a waveform from a 

function generator to the input of a Thorlabs LED driver, modulating the light intensity on the 

dogbot circuit. The Manchester encoded shift command is shown in Fig. 6.7C. Current versus 

time data from testing a dogbot circuit are shown in Fig. 6.7D. When we input the shift 

command, the circuit increases the output frequency by a factor of four, demonstrating that the 

circuit functions as intended. If successful, this circuit will allow us to remote control a CMOS 

microscopic robot. 
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The next set of circuits, X-FAB 2, have already been designed, submitted, and received 

back from X-FAB. The circuits on X-FAB 2 are designed to make robots that follow light 

gradients (catbots and Hallbots), to integrate with bubble rockets (an alternate method to propel 

microrobots)13, and to make active metamaterial sheets inspired by origami patterns34–36. Work 

on circuits for sensing chemical gradients and magnetic fields is already in progress as well. 

We are also continuing to improve the fabrication process. X-Fab 2 includes circuit 

designs in which the pins for the outputs are located on the lowest metal layer in the X-FAB 

process and extend off each side of the circuit. This removes the need to make interconnects 

from the top of the fifteen-micrometer tall circuit down to the bulk wafer, one of the most likely 

failure steps in the fabrication process. We are also working on a modified version of the 

fabrication process where the circuit is transferred to the legs instead of building the legs around 

the circuit. This would separate the fabrication process into two independent processes, 

decreasing the likelihood of critical failure late in the process. It has the added benefit of 

allowing us to transfer the circuits on to metal shielding so that the bottom of the circuit is 

shielded as well as the top, allowing the robots to function when illuminated from either 

direction. 
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Figure 6.6: Future microscopic robots. (A) Optical micrograph of microscopic robots on the 
fabrication run currently in progress. They include robots inspired by the walking motion of ants, 
robots designed around circuits that can respond to commands (dogbots), and variants on the 
Purcell and paddlebot designs. Scale bar is 100 μm. (B) A scanning electron microscope image 
of a paddlebot variant. Scale bar is 20 μm. 
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Figure 6.7: Dogbot circuit. (A) Optical micrograph of the circuit for dogbot, a microscopic robot 
that can receive commands. The circuit has a photovoltaic for receiving commands in the form 
of light signals and has separate outputs for the left and right legs of the robot to allow it to turn. 
Scale bar is 20 µm. (B) The list of commands dogbot can receive. The commands are 4-bit 
binary. “On/off” turns the circuit on or off, switching it from whatever state it is currently in. 
“Shift” increases the frequency of the square wave transmitted to the outputs, changing the speed 
of the robot. “Left” and “right” turn off the left and right outputs respectively, intended for 
turning the robot. (C) Manchester encoded binary waveform for the “shift” command. 
Manchester code uses transitions between high and low to transmit bits; low to high is a zero and 
high to low is a one. The 4-bit command is bracketed by additional ones and zeroes that the 
receiver circuit requires to recognize a command is being given. Each bit takes about 100 µs to 
transmit, so the whole command is transmitted in a matter of milliseconds. (D) Measured current 
versus time data from a dogbot circuit in operation. The red lines indicate when a shift command 
is given to dogbot by modulating the input light with the waveform shown in C. Each shift 
command increases the frequency by a factor of four. 
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Figure 6.8: The microscopic robot taxonomic family. We imagine these electronically integrated 
microscopic robots as a new family of micro-organisms, with genus determined by the control 
electronics and species determined by the specific designs in post processing. New members of 
this family could have a whole range of additional features, from sensing to communicating to 
new methods of locomotion. 
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More broadly, we view the work we have shown here as the start of a new “family” of 

smart microscopic robots with numerous circuit design “genuses” and robot design “species” 

(Fig. 6.8). We hope that future work within our group and in the field of microrobotics will use 

the fabrication processes and SOI CMOS platform shown here to expand this family tree with 

new circuitry, actuators, and sensors. As this field grows, we believe that microscopic robots will 

grow in their capacity to do a tremendous amount of good in the world around us. Suggested 

applications for microscopic robots range from environmental cleanup28,37 and monitoring38 to 

targeted delivery of drugs7,39–41, monitoring or stimulation of cells42, and microscopic 

surgery42,43. In all these applications, robots with onboard control systems for sensing and 

responding to their environments and operating autonomously provide a significant advantage. 

Nonetheless, there are numerous challenges to be overcome before microscopic robots like the 

ones shown here move from being an interesting in-lab demonstration to being useful in the 

outside world. In the concluding chapter of this dissertation, I will describe what I believe are 

some important directions to explore in building on this work. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

In this dissertation, we have shown for the first time that microscopic robots can be 

integrated with and controlled by CMOS electronics. This work marks the end of my research as 

a graduate student, but it is only the first step for smart microscopic robots. In section 7.1, I 

describe some potential future applications for smart microscopic robots. These applications 

require many significant technical advances on the robots shown here, motivating new research 

directions. I will discuss these new directions in two broad categories: new mechanical micro-

actuators and added functions for microscopic robots in sections 7.2 and 7.3 respectively. 

 

7.1 Future Applications of Smart Microscopic Robots 

7.1.3 Swarms and Emergent Behavior with Controllable Interactions 

Smart microscopic robots could contribute to our understanding of emergent behaviors in 

systems with large numbers of constituent members. These sorts of behaviors appear in nature 

across a wide range of scales, from flocking in birds1,2 to collective motion in cells3,4. To better 

understand these sorts of complex behaviors in the world around us and to develop systems with 

useful emergent properties, researchers have performed a variety of experiments using both 

microscopic active matter5–9 and macroscopic assemblies of robots10–14. Active matter systems 

can contain huge numbers of particles, but the interactions between particles in each system is 

typically simple and not broadly tunable. Macroscopic robots can have arbitrarily complex 

interactions, but experiments with numbers of robots greater than about 100 are prohibitively 

large and expensive. Smart microscopic robots have the advantages of both approaches since 

hundreds of thousands of robots could be built in a single fabrication process and onboard 
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electronics, actuators, and sensors could facilitate a wide variety of interactions. Microscopic 

robots could therefore be used as a new smart particle for experiments on non-equilibrium self-

organization and emergent behavior and design of robotic swarms for the other applications 

listed below.  

 

7.1.2 Environmental Sensing and Cleanup 

Environmental sensing and remediation is another potential application space for smart 

microscopic robots. Existing microswimmers, especially catalytic microscopic bubble jets, have 

been proposed as an approach for chemically removing environmental contaminants15 from 

biological and chemical weapons toxins16 and explosives17, to microplastics18, to biofilms19. A 

significant problem with this approach, however, is that the catalytic materials are not selective 

for contaminants only, resulting in potential environmental damage when deployed. 

Smart microscopic robots could avoid this problem by incorporating sensors and alternate 

propulsion mechanisms in addition to electrodes or bubble jets. This would allow them to 

explore the environment non-destructively until detecting target contaminants, then to break 

down contaminants electrochemically. 

 

7.1.3 Biomedical Applications 

Perhaps the most impressive and highest potential impact applications for microscopic 

robots are in medicine20,21. Microscopic robots are approximately the same size as many 

biological cells. At this size they could enter and move around the body in less damaging ways 

than traditional medical instruments. Once there, a microscopic robot could perform a variety of 

tasks including local delivery of drugs, transporting cells and structures for tissue engineering, 
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monitoring and stimulating electrogenic cells, performing microscopic surgery, and taking tissue 

samples20. 

These applications are tremendously difficult to achieve based on the complexity of 

biological systems and the safety constraints imposed by working in medicine. They would 

require microscopic robots to have actuators with sufficient force outputs to move through tissue, 

sensors specific to the desired application, systems for capturing and releasing samples, feedback 

electronics for autonomous decision making, and, in some cases, the ability to function even in 

environments with little or no light. These challenges motivate many of the research directions 

described below. 

 

7.2 New Mechanical Micro-actuators 

Surface electrochemical actuators met a critical need for smart microscopic robots by 

supplying them with voltage responsive actuators that achieve micron-scale changes in curvature 

quickly and repeatably. SEAs achieve the highest radii of curvature of any microscopic voltage-

controlled actuator and supply forces great enough to move microscopic robots 1000 times 

thicker than the SEAs themselves. However, as we discussed in section 6.3.3, they also have low 

efficiencies that significantly limit the overall efficiency of integrated microrobotic systems, a 

key figure of merit for real-world applications. More generally, future research on electrically 

controlled mechanical microactuators could optimize to several different figures of merit to 

design actuators with a variety of applications. 

 

7.2.1 Increasing Efficiency of Electrically Controlled Microactuators 

To design more efficient electrically controlled microactuators, we will start with a back-
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of-the-envelope understanding what sets the efficiency of SEAs. To operate a SEA, we are 

essentially charging a capacitor. This costs an approximate energy per unit area of: 

𝑢𝑢𝑖𝑖𝑏𝑏 = 𝐶𝐶′𝑉𝑉2 

Where C’ is the capacitance per unit area and V is the applied voltage. Upon bending, 

SEAs store a mechanical energy of approximately: 

𝑢𝑢𝑜𝑜𝑜𝑜𝑡𝑡 = 𝐷𝐷∆𝜅𝜅2 

Where D is the bending stiffness and Δκ is the change in curvature. We can relate the 

mechanical energy to the electrical energy using Stoney’s equation: 

∆𝜅𝜅 =
∆𝛾𝛾ℎ

2𝐷𝐷(1 + 𝜈𝜈) 

Where Δγ is the change in surface stress, and by noting that the surface stress change is 

less than or equal to the energy stored on the capacitor ∆𝛾𝛾 ≈ 𝐶𝐶′𝑉𝑉2. Ignoring factors of order 

unity, this sets the efficiency of the SEA to be: 

𝜂𝜂 =
𝑢𝑢𝑜𝑜𝑜𝑜𝑡𝑡
𝑢𝑢𝑖𝑖𝑏𝑏

≈ ∆𝜅𝜅ℎ 

The change in curvature of a beam multiplied by its thickness is approximately equal to 

the difference in strain between the top and bottom of the beam. This leads us to the conclusion 

that the maximum efficiency of a SEA is less than or equal to the maximum strain in the SEA, 

𝜂𝜂 ≈ 𝜀𝜀 

This turns out to be a general feature of schemes in which an uncharged object is charged 

to achieve actuation. We call these sorts of actuators “paraelectric actuators,” in analogy with 

paramagnetic materials. It can be easily shown, for instance, that charging a parallel plate 

capacitor to compress an elastic material between the plates has this same behavior. In these 

systems, the input electrical energy and the stress both go as voltage squared. The mechanical 
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energy is proportional to the product of stress and strain, so the efficiency is directly proportional 

to strain. 

Not every electrically driven actuator is subject to this behavior. Ferroelectric materials 

like piezoelectrics have a permanent polarization. Because of this, stress is linearly proportional 

to applied voltage and efficiency is a constant (independent of strain). As a result, piezoelectric 

materials have high efficiencies, an important contributing factor to their ubiquity in 

macroscopic and millimeter-scale systems. However, hard piezoelectrics scale poorly as 

microactuators because they generate small strains, with maximum strains of about 0.1%22,23. To 

achieve 10 µm radii of curvature, a piezoelectric actuator would have to be approximately 10 nm 

in thickness, a prohibitively small value for many piezoelectric materials24. The thinnest 

demonstrated piezoelectric actuator, with an active layer of 10 nm and a total thickness of 30 

nm25, achieved a change in curvature of only 3 mm-1. 

Fig. 7.1 plots the actuation efficiencies of existing electrically controlled microactuators 

versus the maximum strain during actuation25–34. All existing microactuators except the AlN 

actuator discussed in the previous paragraph fall below the black efficiency versus strain line, 

demonstrating that this rule of thumb holds up for existing microactuators. 
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Figure 7.1: Efficiency versus strain for 
electrically driven microactuators. Existing 
microactuators fall into three categories: 
ferroelectric, paraelectric, and thermal. Paraelectric 
actuators work by charging up an active material to 
achieve actuation; their efficiencies are limited by 
the strain achieved in the material. Thermal 
actuators respond bend in respond to resistive 
heating. These actuators have low efficiencies due 
to energy lost to the environment. The ferroelectric 
actuator shown here is made using 10-nm-thin 
piezoelectric AlN. These actuators can achieve 
large efficiencies, but only achieve low strains.  
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The surprising result of this discussion is that using soft materials may be the best way 

forward to make actuators more efficient. Soft materials – polymers and elastomers – have lower 

moduli and higher yield strains than the metals and ceramics used in SEAs, allowing them to 

achieve higher strains for the same input energies, thereby increasing efficiency. Prior work on 

electrically controlled polymer actuators used bilayers of micrometer polypyrrole, a redox-active 

conductive polymer, on 100 nm thick gold to achieve microactuators with 10 µm radii of 

curvature and approximately µN force per square28–30. However, these actuators have 

approximately 1 s response times, limited by diffusion of ions in the conductive polymer film, 

and fail after about one thousand cycles due to delamination of the polymer from the gold film. 

Existing macroscopic polymer and elastomer actuators have achieved strains ranging up to 

100%35. Some groups have even demonstrated piezoelectric polymer actuators with high 

efficiencies and 1%-10% strains, significantly larger than their hard material counterparts22,23. If 

we can develop actuators like these at the micrometer scale, it would increase the efficiency of 

microrobotic actuators by two to three orders of magnitude. 

 

7.2.2 Increasing Microactuator Force Output 

A related research direction to increasing efficiency of actuators is increasing the force 

output of actuators. SEAs output nN forces per square when operated reversibly. This is 

sufficient for moving microscopic robots in aqueous environments, as shown in the previous 

chapter. However, for larger microrobots, approaching the millimeter scale, SEAs will not be 

sufficient to lift the robot bodies. Additionally, motion in complex environments such as 

biological tissue will require larger force output. In viscoelastic environments, actuators must be 

able to exert enough force to deform the material around them to generate motion. Tissue has a 
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wide range of stiffnesses, with effective moduli ranging from tens of pascals to megapascals; 

grey matter, for instance, has a modulus of about 1 kPa. For microrobots 10 to 100 micrometers 

on a side, this sets a necessary output force of about 1 µN. 

The force output by SEAs is set by the surface stress and thickness of the actuator, 𝐹𝐹∎ ≈

∆𝛾𝛾ℎ. The force output could therefore be increased simply by increasing the thickness of the 

SEA. However, increasing thickness also dramatically increases bending stiffness, decreasing the 

curvature of the SEA as 1 ℎ2�  and decreasing the efficiency of the actuator. 

A better approach for increasing actuation force is by moving to materials where the active 

material causes expansion in the bulk of the material as opposed to at the surface. For these sorts 

of actuators, 𝐹𝐹∎ ≈ 𝜎𝜎ℎ2 and curvature goes as 1
ℎ� . Ongoing work in our group is investigating 

palladium as a bulk actuator material. It has similar oxygen species chemistry to platinum but 

undergoes bulk absorption instead of surface adsorption of hydrogen, which expands the 

palladium by about 4%. The diffusion of hydrogen into palladium is fast, between 10-11 and 10-10 

m2 / s. Based on these numbers, at roughly 100 nm thicknesses palladium actuators could output 

µN forces, operate at about 100 Hz frequencies, and achieve curvatures between 10 and 1 µm. 

These actuators will demand significantly more power than SEAs to charge up the bulk of the 

material, but they could be an excellent option for applications that require large force outputs.  

As noted in the previous section, polymer actuators like polypyrrole are also promising 

candidates for thicker, higher force actuators. Because of their lower Young’s moduli, these 

materials must be thicker – about 1 µm – to achieve the same force outputs. As a result, these 

materials are likely to have slower response times, but could have lower power consumption and 

higher efficiencies, as noted in the previous section. 
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7.2.3 Maximizing Curvature 

SEAs achieve the largest curvatures of any electrically controlled actuators to date. They 

do so by decreasing the actuator thickness from 100s of nanometers or microns in existing 

microactuators to 10 nm. Seeing just how far we can push this scaling would be a fascinating 

future direction. Can we, for instance, make nanoscale electrically driven actuators by using 

layered two-dimensional materials? The thickness of a 2D material bilayer would be less than or 

equal to a nanometer. Theoretical work on transition metal dichalcogenide actuators finds that 

structural transitions can accomplish strains of 0.1% to 1%; for these strains, the actuators could 

bend to 100 nm radii of curvature36. Chemical transitions like oxidation or site replacement can 

also drive nanoscale scrolling of TMDs37 and could be driven electrochemically, in direct 

analogy with SEAs. Actuators at this thickness would once again be subject to the sort of 2D 

mechanics explored in earlier work in the McEuen lab38 – thermal fluctuations and static 

nanoscale ripple structures could have a significant effect on actuator performance. This research 

direction is less immediately relevant to the microscopic robots shown in the previous chapter, as 

these actuators would not be nearly strong enough to move 100 µm scale robots. However, I 

think this work would be significant from both a fundamental materials science and engineering 

perspectives and would begin to engage the question of designing nanoscale robots. 

 

7.2.4 Making Actuators that Work in Air and Vacuum 

The microrobots we have made so far only operate in aqueous environments. As we noted 

in the introduction, there are several advantages to working in these environments including 

mitigating surface forces and leveraging the chemistry of the surrounding solution. However, 

getting microrobots out of the water and onto dry land would be a big step in their evolution and 
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open many more possible applications. The first challenge to doing this is to build efficient high-

curvature actuators that work in air. A few of the microactuators shown in Fig. 7.1 work in air 

via piezoelectric25 or thermal actuation31,32. However, these actuators achieve about 0.01 µm-1 

curvature changes at best and thermal actuators have low efficiencies, limited by energy lost to 

the environment. No one has yet demonstrated a dry electrochemical microactuator. To do so 

would require including not only the active layer but also a solid-state electrolyte and counter 

electrode in an approximately 100 nm thick actuator. Solving this significant materials science 

challenge would immediately enable microrobts that work in air. 

 

7.3 Added Functions for Smart Microscopic Robots 

One of the biggest benefits to using CMOS electronics as a platform for microrobotics is 

its modularity. Any micron-scale system with that converts between electrical energy and any 

other form of energy can be added to the microscopic robot to function as a power source or 

sensor or actuator. In the case of the robots we have demonstrated so far, photovoltaics work as 

both power sources and sensors and SEAs work as actuators, but there are many more 

possibilities.  

 

7.3.1 New Approaches for Locomotion 

Mechanical actuators are only one of many ways to achieve microrobotic locomotion. Our 

group is also currently exploring using electrochemical bubble jets for locomotion on smart 

robots39. Fig. 7.2 shows a set of photovoltaics in series powering a pair of bubble jets – SiO2 

tubes with platinum electrodes inside. The voltage applied to these electrodes is sufficient to 

drive hydrolysis, generating hydrogen and oxygen gas bubbles in the tubes that move the whole 
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structure forward. 

Another approach for locomotion would be to integrate piezoelectric acoustic transducers. 

These actuators also generate mechanical motion, but instead of moving the robot by walking or 

swimming, they would couple acoustic energy to the solution to propel the robot forward – a 

phenomenon known as acoustic streaming40. Acoustic streaming is commonly used in 

microfluidic applications as a way to generate fluid flows41–43, and several groups have worked 

on millimeter-scale and macroscopic robots that leverage acoustic streaming for locomotion44,45. 

This approach for swimming is independent of chemical environment, allowing robots to swim 

in any fluid environment. Designing successful microswimmers using this technique would 

require tuning the acoustic frequency to the size of the robot and the mechanical properties of the 

fluid as well as work on integrating CMOS electronics with piezoelectric materials at the micron-

scale. 

 

7.3.2 New Power Sources 

The decision to use photovoltaics to power our microscopic robots was not made lightly. 

PVs have high efficiencies and deliver voltages that are immediately compatible with CMOS 

electronics. They perform significantly better at the micron scale than other common approaches 

for wirelessly powered devices like radio-frequency transducers46. The one obvious disadvantage 

of using photovoltaics is that they limit the applications of microscopic robots to environments 

that are transparent to light. 
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Figure 7.2: Optically powered bubble jets. Optical micrographs of a photovoltaics powering 
bubble jets to propel the device at an air/ water interface. The PVs supply sufficient voltage to 
drive hydrolysis, forming gas in the bubble jet tubes. The device moves at speeds of about 50 µm 
/ s. In the future, these bubble jets could be controlled using CMOS electronics to steer the 
device. (Device fabrication and experiments performed by Samantha Norris.) 
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At least two other strategies could be explored for wirelessly powering smart microscopic 

robots: coupling power to the robots acoustically and equipping the robots to harvest chemical 

energy from their environments. Acoustic power has been demonstrated for in vivo millimeter 

scale devices for neural recording47,48. The challenges for using this for microscopic robots are 

similar to the challenges for swimming using acoustic energy: integrating small acoustic 

transducers with fully releasable CMOS electronics and matching the acoustic impedance of the 

transducer to the fluid to achieve efficient coupling.  

Harvesting chemical energy is an even more speculative approach for powering 

microscopic robots. Some initial work has been done on powering CMOS electronics 

chemically: a paper from the Shepard group reported a biohybrid system that uses ATP to drive a 

CMOS oscillator49. The system achieves reasonable maximum efficiencies close to 10% but 

produce only picoamp currents for a millimeter scale device, not nearly sufficient for our 

microscopic robots. Nonetheless, this work highlights a possible future direction for powering 

microscopic robots that would allow them to operate in a wide variety of biological 

environments without any additional input power. 

 

7.3.3 Adding New Sensors 

In addition to sensing light, smart microscopic robots could be designed to detect and 

respond to chemical gradients and local voltages in solution, magnetic fields, and acoustic 

signals. We envision using these various sensors to let the robots receive external signals, detect 

obstacles, perform phototaxis and chemotaxis, and detect and communicate with each other to 

self-organize and perform cooperative behaviors. Building these systems will require 

coordinated circuit design, nanofabrication, and testing. 
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7.3.4 Giving Microscopic Robots Memory 

Adding basic memory to these robots would allow them to store information from their 

environments and report it out later. Previous untethered microsensors attempted to do this with 

physiochemical50 or resistive memory51, but using a CMOS platform for our robots allows us to 

use traditional semiconductor memory like flash. Adding memory to the robot also provides a 

significant advantage for designing complex robotic behaviors since the robot could be designed 

to change behavior only after detecting a certain number of threshold events in a preprogrammed 

timeframe. 

 

7.3.5 Prospects for Making Smart Microscopic Robots Smaller 

In addition to adding functions to robots at the 100 µm scale, future work could pursue 

making smart robots smaller. The first smart microscopic robots used 180-nm node CMOS 

because it is commercially available on SOI wafers. State of the art 5-nm node CMOS achieve 

transistor densities hundreds of times greater than 180-nm CMOS and require lower power for 

the same function. In the future, switching to circuits fabricated at this transistor node size could 

in principle allow us to shrink smart microscopic robots by a factor of 10. Shrinking smart 

microrobots any further than this will likely require a new information processing system, likely 

by hacking biological systems to make robots that operate similarly to single-celled organisms. 

For the time being, there is plenty of interesting work to be done at the 10 µm scale and greater. 

 

7.4 Conclusion 

As smart microscopic robots increase in complexity and capability, they have incredible 

potential for positive impact in numerous fields, from studying emergent behaviors in swarms of 
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smart particles to performing medical procedures at the micron-scale. Some of these applications 

are still a long way off, but research on making new actuators for stronger, more efficient robots 

and integrating new functions and features into this microrobotic platform could bring these 

goals as well as other applications not yet realized within reach. We are truly just beginning to 

explore what is possible for microscopic robots with onboard CMOS intelligence.  
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Optical Micrograph
(scale bars 100 µm)

Schematic top & cross section

0. Dice wafer
1. Wafer received from XFab
2. Dice wafer into chips approximately 
1” on each side. 

Fab process

2. Etch mask to top contacts
PHOTOMASK 1
1. Prebake 2 min, spin P20, Spin AZ 
nLOF 2020 - 3000 rpm, 1000 rpm/s, 45s, 
bake 1 min 115C
2. Expose 1.8 s on ABM Contact Align-
er, bake 1 min 115 C
3. Develop 1 min MIF726

3. Etch to top contacts
1. Oxford 80: preclean chamber 10 min 
O2 1-3 min mild descum on chip
2. Oxford 100: 10 min O2 chamber clean, 
3 min CHF3/O2 oxide etch season, 5 min 
CHF3/O2 oxide etch 
3. Sonicate in 1165, DI, IPA rinse, N2 
dry
4. Oxford 80: 10 min O2 chamber clean, 
5 min O2 clean on chip

1. Etch to thin top oxide
1. Oxford 80: 3 min mild descum
2. Oxford 100: 10 min oxygen chamber 
clean, 3 min CHF3/O2 season, ~6.5 min 
CHF3/O2 etch total. Do etches incremen-
tally, check thickness on filmetrix as you 
go - shooting for 500 nm

APPENDIX A:

MICROSCOPIC ROBOT FABRICATION

This appendix outlines the fabrication process for making smart microscopic robots. It explicitly 
references tools at the Cornell NanoScale Facility and will therefore be most immediately appli-
cable to students looking to reproduce results at CNF. I hope that readers familiar with nanofabri-
cation can also make use of it should they desire to make microscopic robots or to design their 
own processes for post-processing on silicon-on-insulator CMOS for microscopic devices.
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6. Etch to BOX mask layer
PHOTOMASK 3
1. Prebake 2 min, Spin P20 nLOF 2020 
- 4000, 1000, 60; bake 1 min 115C
2. Expose 1.8s on ABM
3. PEB 115C 60s, develop MIF 726 for 
60s
4. AJA - preclean with 60s plasma, 3400 
s of Cr for hard mask
   AJA 1 - got about 410 nm, AJA 2 get 
about 315 nm - either one is sufficient 
for the thru etches
5. Lift off 1165 sonication for ~15 min, 
DI and IPA rinse, N2 Dry
6. Post clean in Oxford 80 - (10 min O2 
preclean of chamber), 5 min O2 recipe

4. Expand top contacts
PHOTOMASK 2
Contact expansion mask
1. Prebake 2 min, Spin P20, Spin nLOF 
2020 - 4000 rpm, 1000 rpm/s ramp, 30 
s, bake 1 min 115C
2. Expose 2 s on ABM, bake 1 min 
115C
3. Develop 1 min 10 s MIF726
4. AJA 1 Ti Pt deposition
   1 min Ar plasma clean, 60 s Ti (about 
10 nm), 130s Pt (about 60 nm)
5. Heated liftoff in 1165 (took about 1 
hr); rinse in DI, IPA; blow dry
6. Check connections electrically
7. Oxford 80 5 min O2 clean (10 min 
chamber preclean)

5. Encapsulate top contacts
1. Oxford PECVD: 5 min high rate 
preclean. Run CNF CMOS TEOS 
recipe on test wafer to get rate. Run on 
chips about 13 min - shooting for 300 
nm 
post clean - TEOS clean - inner for 13 
min, outer for 23 min
2. Check thickness with filmetrix
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7. Etch through top oxide
sidewall angle approx 86 deg (shown to 
scale in schematic)
1. Oxford 100 to etch through oxide 
stack - preclean 10 min, season 3 min 
with CHF3/O2 recipe -- APPROX 3 HR
   Etch 1 - 20 min CHF3/O2 etch - 3.97 
um step - ~3.65 um etched - etch rate 
about 180 nm/ min; 10 min O2 chamber 
clean
    Etch 2 -  20 min CHF3/O2 etch - 7.17 
um step - 6.85 um etched - etch rate 
about 170 nm/ min; 10 min O2 chamber 
clean
    Etch 3 - 20 min CHF3/O2 etch - 9.7 
um step - ~9.4 um etched - etch rate 
down to about 160 nm/min (hit Si)
    40 min chamber clean to wrap up.
2. Oxford 81 - (10 min O2 preclean of 
chamber), 10 min O2 clean to remove 
polymer deposited on Cr

8. Add bubble rocket pattern
PHOTOMASK 4
PR mask for raised silicon structures to 
form bubble rockets
1. HMDS vapor prime
2. Spray coat gamma nLOF 2020 - on 
future steps, follow these instructions to 
do spray coating as well
Mix 10:1 acetone to AZ nLOF 2020
Setup Gamma tool. Flush system with 
300 s of acetone at 15 mL per min. 
Click SC1 image to bring up screen
Click Slot Init 
Click Pause icon (stoplight)
Click Substrate create then 4in 
Then load wafer through door 
Click Slot service 
Click pump 1 
Set time to 300s (double click)
Set flow to 15ml per min
Flush nLOF acetone mix through 
system for enough time to make it 
through the nozzle, 15 mL per min for 
180 s

This step is included for simultaneously fabricating bubble 
microrobots on the same chip. It can be skipped if only 
creating robots with surface electrochemical actuators.
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If you have not run the tool recently, 
test a dummy wafer to make sure it’s 
working 
Run  recipe. File: jvd_s1805_ace-
tone_1_10_24passes. Says ~2200s 
initially, run til it says ~900s. Then 
press stop 
Click Edit Recipe 
Select my file 
Click Send
Click View recipe 
Click Run
(if it fails to run, click remove wafer 
and take your wafer out. click slot init 
and wait for it to finish. Then click 
create wafer, load your wafer, and try 
again)
Bake for 60s after coating at 115C.
When done: Flush system with 600s of 
acetone at 15ml per min.
3. Expose 2 s on ABM Contact Aligner
4. PEB 115C 1 min, develop with 
MIF726 1 min

9. Etch thru device Si to BOX
1. Oxford Cobra - HBr SOI 1 recipe - 
preclean and season according to 
manual  -- APPROX 2 HR. If you 
notice debris building up on the chip, 
can do a short (<5 s) BOE dip part way 
through the etch - it is likely silicon 
oxybromide and can be removed in 
BOE.
   Etch 1 - 10 min HBr SOI 1 - 0.9 um 
Si remaining based on filmetrix (profi-
lometer block reserved, usually would 
check with that)
    Etch 2 - 10 min HBr SOI 1 - 0 um si 
based on filmetrix, 13.07 um step 
height
    Post clean 20 min SF6, according to 
manual
2. BOE 30:1 dip 3s - remove silicon 
oxybromide from HBr
3. Oxygen plasma 25 min (10 min 
preclean for chamber)
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10. Remove chromium mask
1. Cr wet etch until all remaining Cr is 
gone - APPROX 2 hr
2. Oxford 80 - 10 min O2 clean (10 min 
preclean)
    By measuring step height before and 
afterward Cr etch, I find that the plasma 
etches remove about 250 nm Cr.

11. Encapsulate sides of Si device 
layer
1. PECVD 300 nm TEOS -- about 1 hr 
15 min. Preclean chamber - 5 min high 
rate clean. Run CNF CMOS TEOS on a 
dummy wafer to get rate, run for about 
12 min - shooting for 300 nm.
post clean: TEOS clean - inner for 8 
min 20 s, outer for 18 min 20 s
Check with filmetrix.

12. Etch mask to expanded contacts
PHOTOMASK 5
1. YES vapor prime
2. Gamma spray coat til 900 s
3. ABM expose 1.9s
4. PEB 1 min 115C, Develop with 
MIF726 1 min

13. Etch to top contacts and wafer 
silicon
1. Oxford 100
    1. Preclean chamber 10 min O2
    2. Season 3 min CHF3/O2
    3. Etch 1.5 min CHF3/O2
        1. 930 nm remaining on bottom Si
    4. Etch 1 min CHF3/O2
        1. 760 nm remaining on Si
    5. Etch 5 min CHF3/O2
        1. 0 nm remaining
    9. 8 min O2 chamber clean
2. Sonicate in 1165, DI, IPA, N2 dry
3. Oxford 80 - 5 min O2 plasma
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15. Re-encapsulate with TEOS for 
circuit shielding
1.Oxford PECVD TEOS
    preclean chamber - 5 min high rate 
clean
    Run CNF CMOS TEOS recipe for 
12min - shooting for 300 nm
    post clean - TEOS clean - inner for 
12min,  outer for 22 min
    Check with filmetrix

16. Circuit shield metal layer
PHOTOMASK 7
1. YES HMDS vapor prime
2. gamma spray coat, PEB 1 min 115c
3. ABM: expose 3.2s 
4. PEB 1 min 115C, develop 60s 
MIF726
5. AJA 1 or 2: Ar plasma 60s, Cr 2000s 
for ~350 nm
5. Lift off - 1165 sonicate; DI, IPA, N2 
dry
6. Oxford 80 10 min O2 clean

17. Re-encapsulate with oxide
Oxford PECVD TEOS
    preclean chamber - 5 min high rate 
clean
    Run CNF CMOS TEOS recipe for 8 
min - shooting for 200 nm
    post clean - TEOS clean - inner for 
8min,  outer for 18 min
    Check with filmetrix
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14. Interconnects
PHOTOMASK 6
1. YES HMDS vapor prime oven
2. Gamma spray coat til 900s remain in 
recipe
3. Expose on ABM 3.2 s
4. Bake 1 min 115C, develop 1 min 
MIF 726
5. AJA 1: no clean (clean can cause 
resist peeling from edge), 60 s Ti, 140 s 
Pt
6. Liftoff 1165, DI, IPA, N2 blow dry



20. Etch to interconnects and form 
panels
PHOTOMASK 9
1. HMDS vapor prime
2. Gamma spray coat til 900s remain, 
bake 1 min 115 c
3. ABM expose 2.1s 
4. PEB 1 min 115C, develop 60s 
MIF726 
5. Oxford 82 (O2 chamber clean as 
necessary) 1 min mild descum
6. Oxford 100 - follow preclean 
instructions, 3 min season
    ~5 min CHF3/O2 etch
7. sonicate in 1165; IPA, DI rinse, N2 
dry
8. Oxford 80 5 min O2
9. Check that ICs work

19. Etch thru aluminum oxide
PHOTOMASK 8
1. HMDS Vapor prime
2. Gamma spray coat til 900s remain, 
bake 1 min 115C
3. ABM expose 3.2s, 
4. 1 min 115C PEB, develop MIF726 1 
min
5. PT 770 etch - AlO recipe, 4 min. 
Check that AlOx is removed and see 
how much oxide is removed. Histori-
cally saw ~30 nm thinner.
6. Sonicate in 1165 to remove resist; DI 
and IPA rinse, N2 dry
7. Oxford 80 - 5 min O2 recipe
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18. Encapsulate with ALD aluminum 
oxide
1. Oxford AL ALD 
    500 cyc AlOx recipe at 200C



22. ALD Pt for SEAs
1. Arradiance ALD 
    5 cyc Al2O3, 70 cyc Pt
    Include blank Si test chip for 
measuring resistance
2. Resmap: check resistance per sq. I 
get about 34 Ohm/sq.

23. SEAs Pt etch mask
PHOTOMASK 11
1. HMDS vapor prime 
2. Gamma spray coat nLOF 2020; bake 
1 min 115C
3. Expose 2.3 s on ABM, 
4. PEB 1 min 115 C, develop 1 min in 
MIF 726

24. SEAs Pt etch
1. Oxford 80 1 min Mild Descum
2. AJA Ion Mill - 2 s etches 15, use 
modified version of Tianyu’s recipe
3. Oxford 80 3 min mild descum
4. Sonicate in 1165 to remove PR, rinse 
in DI Water, IPA, blow dry in N2
5. Check electrical contact
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21. Ti adhesion layer
PHOTOMASK 10
1. HMDS vapor prime
2. Gamma spray coat til 900 s remain, 
bake 1 min 115 C
3. ABM expose 2.2 s, PEB 1 min 115 
C, develop 60 s MIF726 
4. Oxford 82 (O2 chamber clean as 
necessary) 1 min mild descum
5. AJA Sputter: preclean 60 s Ar 
plasma, 180 s Ti for approx 30 nm
6. sonicate in 1165 about 15 min; IPA 
and DI rinse, N2 dry
7. Oxford 80 5 min O2



26. Al for release
PHOTOMASK 13
1. AJA 2 - Al 600 s (no clean)
2. Oxford ALD 20 cyc Al2O3
3. HMDS Vapor prime
4. Gamma spray coat about 1300 s, 
Bake 1 min 115C
5. Expose 2 s on ABM
6. PEB 1 min 115C, develop for 2 min 
45s to etch Al - check whether it's gone
7. Sonicate in 1165; rinse in DI and 
IPA, N2 dry
8. Oxford 80 mild descum 3 min

27. XeF2 undercut
1. Cleave chip with scribe - release one 
quarter of a chip at a time
2. 3 min 200 C bake
3. 110 cyc XeF2, 12 s, 2.5 Torr - check 
if finished optically, etch longer if 
needed

28. Robot release
Release devices with about 1000:1 DI 
water: aluminum etchant - takes about 
3 hrs
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25. SEAs Ti Capping
PHOTOMASK 12
1. HMDS vapor prime
2. Gamma spray coat nLOF 2020 til 
900s on recipe; bake 1 min 115C
3. Expose 2.3 s on ABM
4. PEB 1 min 115C, develop 1 min 
MIF726
5. AJA 1 (must be AJA 1 because AJA 
2 results in higher precurvature)
no preclean, 14.5 s Ti at 7 mTorr
6. 1165 sonicate to lift off ~20 min; DI 
and IPA rinse, N2 dry
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