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Lecture Overview

• Dielectric Elastomers

• Electrostatic Actuators

• Ionic Electroactive Polymers

• Next week: Electromagnetic actuation
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Second Assignment

• 2 Questions per Person

• Direct entry of text

• Second deadline: March 8th, Friday at midnight
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Cilia metasurfaces for electronically 
programmable microfluidic manipulation

Wei Wang1,2 ✉, Qingkun Liu1 ✉, Ivan Tanasijevic3, Michael F. Reynolds1, Alejandro J. Cortese4, 
Marc Z. Miskin5, Michael C. Cao6,7, David A. Muller6,7, Alyosha C. Molnar4, Eric Lauga3, 
Paul L. McEuen1,7,8 & Itai Cohen1,7,8 ✉

Cilial pumping is a powerful strategy used by biological organisms to control and 
manipulate !uids at the microscale. However, despite numerous recent advances in 
optically, magnetically and electrically driven actuation, development of an 
engineered cilial platform with the potential for applications has remained di"cult to 
realize1–6. Here we report on active metasurfaces of electronically actuated arti#cial 
cilia that can create arbitrary !ow patterns in liquids near a surface. We #rst create 
voltage-actuated cilia that generate non-reciprocal motions to drive surface !ows at 
tens of microns per second at actuation voltages of 1 volt. We then show that a cilia 
unit cell can locally create a range of elemental !ow geometries. By combining these 
unit cells, we create an active cilia metasurface that can generate and switch between 
any desired surface !ow pattern. Finally, we integrate the cilia with a light-powered 
complementary metal–oxide–semiconductor (CMOS) clock circuit to demonstrate 
wireless operation. As a proof of concept, we use this circuit to output voltage pulses 
with various phase delays to demonstrate improved pumping e"ciency using 
metachronal waves. These powerful results, demonstrated experimentally and 
con#rmed using theoretical computations, illustrate a pathway towards #ne-scale 
micro!uidic manipulation, with applications from micro!uidic pumping to 
microrobotic locomotion.

Ciliary pumping is one of the most important and ubiquitous fluidic 
transport methods in the microscopic world7–13; however, it is challeng-
ing to engineer artificial cilia platforms that can be widely adopted2,14. 
Several pioneering studies have demonstrated methods for fabricating 
artificial cilia with actuation based on pressure15, light16,17, electrostatic18 
and magnetic19,20 interactions; however, these systems have severe limi-
tations. For example, cilia that are pressure-driven or optically driven 
can be locally actuated. These systems have, however, been challenging 
to implement at the microscale6,15. Moreover, there is no clear pathway 
for integrating them with mobile micromachines while retaining local 
actuation21. Electrostatically actuated cilia has been shown as a powerful 
method for rapid pumping and mixing18. The actuators demonstrated 
thus far are, however, driven by large voltages. This large voltage makes 
them incompatible with complementary metal–oxide–semiconductor 
(CMOS) electronics for untethered control. In addition, they cannot be 
operated in aqueous solutions, owing to hydrolysis at voltages above 
approximately 1.2 V. Finally, there has been much excitement about 
making artificial cilia out of magnetically responsive materials. Various 
groups have demonstrated pumping5, metachronal waves4,22,23 and mix-
ing24. In such magnetic systems, however, it is difficult to localize the 
actuation or change the magnetization of the cilia in situ to reconfigure 
the flows. Thus, to obtain wide adoption for this transport method in 

engineered systems, there remains a critical need for development of 
novel artificial cilia platforms.

Here we show that recently developed surface electrochemical 
actuators25,26 can be used to overcome many of these challenges. 
Each artificial cilium consists of a lithographically fabricated strip 
that is approximately 50 µm long, 5 µm wide and only about 10 nm 
thin, attached to the substrate at one end, as shown in Fig. 1a. The strip 
comprises a 7-nm-thick platinum (Pt) thin film capped on one side by 
a passive layer of titanium (Ti) (Fig. 1a, left; see Methods and Extended 
Data Fig. 1 for the fabrication process). Actuation of the artificial cilium 
in phosphate-buffered saline (PBS; 1×, pH 7.45) is induced by raising 
its potential to about 1 V relative to the Ag/AgCl reference electrode, 
triggering electrochemical oxidation of the exposed Pt surface while 
avoiding bubble formation. The oxidation expands the Pt surface26 and 
causes the actuator to bend (Fig. 1a, red reaction pathway, left → right). 
Applying a voltage of approximately −0.2 V reduces the Pt film, which 
returns the actuator to its initial state (Fig. 1a, blue reaction pathway, 
right → left). The current density is approximately 1 mA cm−2 (Extended 
Data Fig. 2), which means that a 1 cm × 1 cm device fully covered by 
artificial cilia would only consume about 1 mW of power at a sweep 
rate of 1 V s−1. To prevent twisting of the actuator we pattern three 
horizontal polymer pads spaced at 15-µm intervals along each cilium. 

https://doi.org/10.1038/s41586-022-04645-w

Received: 19 November 2021

Accepted: 14 March 2022

Published online: 25 May 2022

 Check for updates

1Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, NY, USA. 2Sibley School of Mechanical and Aerospace Engineering, Cornell University, Ithaca, NY, USA. 3Department of 
Applied Mathematics and Theoretical Physics, University of Cambridge, Cambridge, UK. 4Department of Electrical and Computer Engineering, Cornell University, Ithaca, NY, USA. 5Department 
of Electrical and Systems Engineering, University of Pennsylvania, Philadelphia, PA, USA. 6School of Applied and Engineering Physics, Cornell University, Ithaca, NY, USA. 7Kavli Institute at 
Cornell for Nanoscale Science, Cornell University, Ithaca, NY, USA. 8Department of Physics, Cornell University, Ithaca, NY, USA. ✉e-mail: ww459@cornell.edu; ql59@cornell.edu;  
itai.cohen@cornell.edu



Metric for Actuators

• Output strain: change in length upon excitation normalized to the 
initial length

• Output stress: Generated force upon excitation normalized to the 
initial cross-sectional area at rest or excited state

• Power density: Energy density normalized to actuation period

• Lock-up state: actuator holds its actuation state without 
consuming energy

• Directionality: Uni vs bidirectional, rotational

• Cycle life: number of cycles before failure

• Efficiency: output over input energy

• Bandwidth: Range of frequencies for continuous excitation

• Magnitude of the stimulus (e.g., voltage, heat, optical power)
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Artificial Muscle

• Actuators actively contract and/or expand in length when excited 
by a stimulus

• Swimming (fish) 0.4 J/kg at 4 Hz, flight (locust) 6 J/kg at 25 Hz, 
running (rat) 40 J/kg at 7.5 Hz.

• Electromagnetic energy
• Thermal energy (phase change or thermal expansion)
• Electrochemical energy (Faradaic reaction or charge accumulation 

in the double layer)
• Fluid pressure (pneumatic or swelling pressure)
• Light (photothermal, phase change)

• History (1670s): Christian Huygens, Robert Hooke. Gunpowder 
forces a piston inside a cylinder. Energy density around 270 kJ/kg
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Electricity and Actuators

• Electrostatic

• Electromechanical (solid state)

• Electrochemical (in liquid)

• Electromagnetic
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Electroactive Materials

• Electronic (or solid-state) Electroactive Materials
– Piezoelectric ceramics, electrostrictive and magnetostrictive alloys, 

ferroelectric polymers, dielectric elastomers.
– Relatively high voltage, quick reaction (low hysteresis), strong 

mechanical forces

• Ionic Electroactive Polymers
– Ionic polymer gels, conductive polymers

– Working principle: wet electrochemistry– the mobility or diffusion of 
charged ions

– Low voltage

– Electrolysis
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Dielectric Materials

• Dielectric: substances with no free charges

• Polarization: When the material is placed in an electric field, its 
negatively charged electrons separate slightly from the positively 
charged cores

• As a result, molecules acquire an electric dipole moment (p) in the 
direction of the electric field (E). Polarized molecules are attracted 
toward the electrodes

• Electric susceptibility (c) relates the polarization (P) to the electric field
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Important Dielectric Parameters

• Electric dipole moment p

• Electric polarization (polarization density) P [coulomb/m2]
• Electric displacement field (flux density) D [coulomb/m2]
• Dielectric constant er
• Electric susceptibility c
• Vacuum permittivity (permittivity of free space) e0

• Gauss’s Law and Maxwell’s equations 
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Strain and stress

• All dielectric solid-state materials when subjected to an external 
electric field undergo change in dimensions.

– Why? Displacement of positive and negative charges.

– Dielectric crystal lattice: cations and anions connected by 
springs (interionic chemical bonds)

– Cations get displaced in the direction of the electric field and 
anions in the opposite direction

– Amount of deformation depends on the crystal structure
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Dielectric Elastomers (videos)
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Dielectric Elastomers (DEA)
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• DEA is a compliant capacitor (with variable capacitance) that 
converts electrical energy to mechanical work

• Dielectric constant or relative permittivity

• Vacuum: 1, Glass: 4.7, Elastomer: 10, Ethanol: 24.3, Water: 78.4, 
Conjugated polymers: up to 100,000

• Dielectric strength or breakdown voltage (MV/m)

• The field strength at which breakdown occurs depends on
– Geometry of the dielectric (insulator) and electrodes

– Rate of increase of voltage
– Thickness: thin films tend to exhibit greater strength than thick 

samples (defects)



Electric-field-actuated Polymers

• Maxwell Stress: When exposed to an electric field, all insulated 
plastics, such as polyurethane, contract in the direction of the field 
lines and expand perpendicular to them

• 1776: Alessandro Volta and Leyden jars (deformation of glass)

• Capacitors sandwiching a dielectric material 

(acrylics and elastomers): electrostatic forces

• Hyperelastic behavior of the membrane

• Compliant electrodes

• Polymers softer than polyurethane
– Greater mechanical strain

– Soft silicones
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Electrostatic and electromechanical stress

• Effective compressive stress is twice the stress normally 
calculated for two rigid, charged capacitor plates.
– In an elastomer, the planar stretching is coupled to the thickness of 

compression (constant volume)

– Compressive stress has compressive and tensile components 

• For small deformations (<20%) strain can be approximated as (linear)
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𝑝 = 𝜀!𝜀"𝐸# = 𝜀!𝜀"	(𝑉/𝑡)#

where	𝑝	is	the	effective	compressive	stress, 𝜀!is	the	relative	dielectric	
constant	of	the	material,	𝜀"	is	the	permittivity	of	the	free	space,	E	is	the	
electric	field	(V/m),	V	is	the	applied	voltage,	t	is	the	film	thickness.

𝑠$ = −
𝑝
𝑌
= −𝜀𝑟𝜀"𝐸#/𝑌 Elastic modulus



High-speed, giant strain actuators

• Stanford Research International (SRI) published the paper in 2000.

• Artificial muscles (light weight, quiet operation, high strain and 
efficiency)

• Low elastic modulus (1 MPa) and high dielectric strength (>100 
MV/m)

• Up to kHz range bandwidth

• Low viscoelastic losses and low electrical leakage

• Electromechanical coupling is 60-80% for acrylic, 90% for elastomer

• Up to 380% strain (typical 10-100%), up to 7.2 MPa stress, elastic 
energy density up to 3.4 J cm-3 

• On the order of 1 kV for electrode separation of 10 to 100 µm

• Key innovation: pre-strain
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Architected DEAs

• Single-film dielectric elastomers are thin (to minimize actuation 
voltage) which leads to small force output (< 10mN)

• Solution: Stock multiple layers to reach Newtons of force

• Strain-stiffening elastomers in a multilayered configuration
– No need for pre-stretch

– NO need for a rigid frame
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Configurations
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preventing the instability and the instability could also be avoided
by using an elastomer with certain strain-stiffening characteristics
without prestretching.5–7 This removed the constraint of having to
use a rigid frame to support the actuator, enabling new design

configurations. It was also increasingly recognized that devices
require elastomer/electrode multilayer configurations8–11 in order
to generate sufficiently large forces at moderate applied voltages
[Fig. 1(c)].

Since those early studies, considerable advances have been
made toward the goal of producing dielectric elastomer artificial
muscles. These include elastomer materials engineered to show
optimum strain-stiffening behaviors; electrodes optimized for high
compliance, electrical conductivity, and self-clearing; new function-
alities such as self-sensing have been added; a variety of different
configurations proposed; and numerous novel devices based on
DEAs have been demonstrated. Many of these advances can be

FIG. 1. Physical basis and examples of DEA devices, and their performance
compared to skeletal muscles. (a) A DEA, in its simplest configuration, consists
of a layer of soft elastomer sandwiched between two compliant electrodes (left)
that contracts in thickness under an applied voltage (right) due to Coulombic
attractions of opposite charges on the two electrodes. The red arrows represent
the electric field vectors inside the elastomer. (b) One of the first demonstrations
of dielectric elastomer actuation consisted of a film of a commercial elastomer
stretched on a circular frame with painted carbon grease as the compliant elec-
trodes, showing an area expansion of 68% under DC applied voltages.2

Reproduced with permission from Pelrine et al., Science 287(5454), 836–839
(2000). Copyright 2000 The American Association for the Advancement of
Science. (c) An example of a multilayer DEA used as the artificial muscle on a
real-size human skeleton.27 (d) The actuation stresses and strains that DEAs
produce with current materials and technology, shown by color shading, are on
a par with that of the natural muscles shown by the data points.23,28 Typical
stresses and strains of natural muscles are ∼100 kPa and ∼10%, respectively,
operating over frequencies up to ∼100 Hz, both of which decrease with the
actuation frequency. From Full, Comprehensive Physiology. Copyright 2010
John Wiley and Sons. Reproduced with permission from Wiley Books.

FIG. 2. Actuation strains of biaxial DEAs as described by linear elasticity. (a)
The actuation strain, et ¼ log (t/t0), varies with the square of the non-
dimensional electric field,

ffiffiffiffiffiffiffi
ϵ/Y

p
E, assuming the electrodes are fully compliant,

and the strain varies nonlinearly with the non-dimensional applied voltage,ffiffiffiffiffiffiffi
ϵ/Y

p
f/t0. The electromechanical instability point is indicated. (b) Compliance

of the electrodes plays a key role in achieving large actuation deformations: the
more compliant the electrode the larger the attainable actuation strains.

Journal of
Applied Physics TUTORIAL scitation.org/journal/jap

J. Appl. Phys. 129, 151102 (2021); doi: 10.1063/5.0043959 129, 151102-2

Published under license by AIP Publishing.



Applications

• Controllable texture, Diaphragm actuator (speaker, pump)
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Applications (video)

• Robotic actuators

19



Soft robotic insect (video) 
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Increasing dielectric constant

• To increase strain and decrease actuation voltage

• Typical values around 10

• Assuming a 50% energy conversion efficiency, the field required is 
67 V⋅µm-1 to generate 0.1 J⋅cm-3 (comparable to piezo)

• Composite approach: Add particles with high dielectric constant
– Titanium dioxide (TiO2) particles

– Downside: Increase in stiffness of the polymer

• Organic composites: PVDF (poly-vinvylidene fluoride)
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Electrohydraulic Actuators (video)

• Larger forces, higher breakdown voltage
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Compliant Electrodes

• Conductive paste (carbon-impregnated grease or silver paste)

• Spin-coated conductive rubber

• Sprayed graphite particles

• Carbon sheets

• Compliance with high conductivity
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Hydrogel electrodes (ionic conductors)

• Zhao
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Electrode-free Actuators

• Driven by sprayed-on electrical charge (corona discharge) by 
needle combs (first studied by Rontgen in 1880)

• Preventing electromechanical instabilities (pull-in)

• Novel configurations
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Performance
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Performance
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behind much of the research in the field. Reported actuated
elastomers with strains greater than 100% accelerated this
field of research in 2000.1

This review continues with an overview of existing EAP
technologies with a particular focus on the dielectric elas-
tomer variety. Dielectric elastomer actuation mechanisms
and configurations are outlined, and existing and potential
applications are discussed. Technological challenges faced
by such an actuator technology are highlighted. Finally to
conclude, the future developments in this area are discussed.

The aim of this review is to familiarize the reader with
recent developments in the area of dielectric elastomer ac-
tuator technology and in so doing encourage further research
in this field to overcome some of its challenges and also to
inspire new and creative applications for this alternative and
exciting actuator technology.

II. ELECTROACTIVE POLYMER TECHNOLOGY
OVERVIEW

EAPs can be categorized into two major classes: ionic
and electronic. An electric field or Coulomb forces in general
drive electronic EAPs, while the actuation mechanism for
ionic EAPs involves the diffusion or mobility of ions.

A. Electronic electroactive polymers

1. Electrostrictive relaxor ferroelectric polymers

Piezoelectricity is a coupling between a material’s me-
chanical and electrical behavior. When a piezoelectric mate-
rial is squeezed, an electric charge collects on its surface.
Ferroelectricity is the reverse effect of piezoelectricity. The
application of an electric field causes aligning of polar do-
mains and, as a direct result, crystal elongation. This revers-
ible alignment of polar groups produces a contraction of up
to 10% in the direction of the electric field. Ferroelectric
polymers can be operated as actuators in air, vacuum, or
water. Since piezoelectricity is a linear effect, where not only
does the material experience a strain upon application of

voltage, a voltage signal is also induced when a stress is
applied. A significant hysteresis effect is present in ferroelec-
tric polymers. Subsequently a large field must be applied in
the opposite direction to the original to reverse the polariza-
tion, resulting in substantial energy being expended, which
does not produce any mechanical work. Polyvinylidene flou-
ride !PVDF" and its copolymers are the most exploited ma-
terials in the ferroelectric group. Much of the pioneering
work in this area has been carried out by Zhang et al.2 Elec-
trostrictive poly!vinylidene-flouride triflouroethylene" has
been used to realize a microfluidic pump.3

2. Dielectric elastomers

Dielectric elastomer actuators consist of a polymer film
sandwiched between two compliant electrodes. A voltage
difference is applied between the compliant electrodes, caus-
ing compression in thickness and stretching in area of the
polymer film. Figure 1 shows the actuation of a circular di-
electric elastomer.4 Dielectric elastomer actuators are a sub-
ject of interest to many research groups and are discussed in
greater detail in Sec. III.5–8

3. Electrostrictive graft elastomers

Electrostrictive graft elastomers are polymers that con-
sist of two components, a flexible macromolecule backbone
and a grafted polymer, that can be produced in a crystalline
form. Here we consider electrostrictive graft elastomers as an
electronic EAP in its own right; however, since its actuation
mechanism is electrostrictive in nature, it is fundamentally
the same as ferroelectric polymers described in Sec. II A 1.
The copolymer polyvinylidene-fluoride-trifluoroethylene
permits operation as a piezoelectric sensor and as an elec-
trostrictive actuator.9 Electrostrictive graft elastomers have
achieved strain levels of up to 5% with a relatively large
force and a response speed in the region of milliseconds.10

The most significant disadvantage of this type of actuator is
the high voltage requirement !150 MV/m", which is charac-

TABLE I. Comparison between EAP and widely used transducer actuators.

Property EAP SMA EAC

Actuation strain Over 300% !8% !short fatigue life" Typically 0.1%–0.3%
Force 0.1–25 MPa 200 MPa 30–40 MPa
Reaction speed " sec to min millisecond to minute microsecond to second
Drive voltage 1–2.5 g/cc 5–6 g/cc 6–8 g/cc
Consumed power Ionic EAP: 1–7 V

Electronic EAP:10–150 V /"m
5 V 50–800 V

Fracture behavior Resilient, elastic Resilient, elastic Fragile

FIG. 1. !Color online" Circular dielectric elastomer actuator, unactivated
!left" activated !right" !see Ref. 4".

FIG. 2. An electrostrictive graft elastomer, bimorph actuator excited in one
direction, unexcited, and excited in the opposite direction from left to right
respectively !see Ref. 9".

071101-2 O’Halloran, O’Malley, and McHugh J. Appl. Phys. 104, 071101 !2008"



Performance comparison
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Electrostatic Actuation

• Electrostatic force between charged plates

• Electrostatic fields can exert great forces across very short 
distances

• High efficiency but low power density
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Electrostatic Force

• Energy stored in an electric field (in Joule)

• Micron-sized air gap: E ≤ 108 V/m à W = 44 kJ/m3

• Electrostatic Attractive Force (perpendicular to the plates)

30

𝑊 =
1
2
𝐶𝑉" =

1
2
𝜀#𝜀$𝑎𝑏𝑉"

𝑑
=
𝜀𝐴𝑉"

2𝑑

𝐹 =
𝜕𝑊
𝜕𝑑

=
𝜀𝐴𝑉"

2𝑑"

Where a is the length,	b is the height of the width and d is the gap between plates.



Scaling Analysis

• Assuming that all dimensions scale linearly proportional to L

• Volume scales with L3

– Inertia, weight, heat capacity, and body forces

• Surface area scales with L2

– Friction, heat transfer, surface forces

• Assuming that the voltage and d is constant, F scales as ～L2

• If we scale the gap as well then F remains the same
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Comb Drive

• Make use of tangential forces for driving

• The stationary electrodes are arranged symmetrically on both 
sides of each moving finger so that normal forces cancel out
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𝐹% =
𝜀𝐴𝑉"

2𝑑" 𝐹& =
𝜀𝑏𝑉"
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where	b is the height of the finger.
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Comb Drive

• For a set of n capacitors the total driving force is given by

• The restoring force is

• The equation of motion
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where	w is the width and	l	is the length of the flexure
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Beam suspension configurations
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Microfabrication
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• Etching
– Wet etching: Material is removed through a chemical reaction with liquid 

etchant (HF)

– Dry etching: Gaseous etchant suspended in RF-energized plasma

• Reactive Ion Etching
– Two regimes: physical and chemical (both dry)

– Ions from plasma are accelerated to the sample

– Highly energetic impact causes the material to sputter away

– Selectivity: material hardness

– Free radicals from plasma are absorbed and a chemical reaction occurs

– The products are removed from the substrate

– Selectivity: chemical reactivity



Capacitive Force Sensors and Grippers
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Capacitive Force Sensors and Grippers
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Capacitive Force Sensors and Grippers
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Nanopositioning Stages and Digital Mirror Device (video)
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Scratch Drive Actuator

• Deformation of a plate and sliding motion

• Capacitor like structure. 
– The plate experiences an electrostatic force that pulls it down. 

– Warping of the plate causes the bushing to shift, and slide towards 
the edge in contact with the substrate. 

– When voltage is removed, the plate and bushing snap back to original 
position, but translated forwards a small distance
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Scratch Drive Actuator

41

∆𝑥 =
ℎ"

2(𝑙 − 𝑙’)
𝑣 = ∆𝑥 > 𝑓

• Velocity and step size determined by the frequency and amplitude 
of the driving signal

• Linear motion, potentially large range of travel with relatively high 
force, and very fine control (step size on the order of 10-30 nm for 
1 um bushing height)



Untethered Scratch Drive Actuator (video)
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Scaling of Attractive Forces
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Ionic Electroactive Polymers

• Conjugated Polymers
– Doping to convert semiconductor to conductor

• Rely on ion or solvent transport to control volume change
– Electrochemical oxidation or reduction in an electrolyte

• Require low voltage

• Work in liquid electrolytes including bodily fluids

• Polypyrroles (PPys)
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Mechanism

• Conducting polymers under a tensile load (F): Hooke’s law

• Charge injection is a diffusion process: thickness determines the 
actuation time (bandwidth). Lowering thickness decreases force.

• Slow response and low force

• Hydrolysis and low efficiency

• Delamination of the polymer from the electrode
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𝜀) = 𝜀$ + 𝐹
1
𝐾 ’
−
1
𝐾 = 𝜀$ + 𝜎+

1
𝑌’
−
1
𝑌

Generated	tensile	strain	(𝜀#)	is	the	sum	of	tensile	strain	under
no load (𝜀")	and	the	strain	due	the	change	in	stiffness.



Performance
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Conjugated Polymer Actuators

• Electrodeposition of Ppy layer
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Micromanipulation
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BCB as rigid passive layer
Gold-PPy bilayer bending actuator

Titanium (Ti): sacrificial layer
Gold (Au): electrode
Benzocyclobutene (BCB): stiff polymer
Polypyrrole (PPy): conductive actuator



Micromanipulation
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Micromanipulation
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Platinum-based surface electrochemical actuators

• 7-nm thick layers of platinum

• Ions absorb/desorb from the platinum surface, changing surface 
stress

• Low voltage (200 µV), low power (10 nW) and compatible with 
semiconductor technology
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Platinum-based surface electrochemical actuators
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