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This dissertation presents research performed on reduced-scale dielectric barrier 

discharge (DBD) plasma actuators. A first generation of microscale DBD actuators are 

designed and manufactured using polymeric dielectric layers, and successfully 

demonstrate operation at reduced scales. The actuators are 1 cm long and vary in width 

from tens of microns to several millimeters. A thin-film polymer or ceramic material is 

used as the dielectric barrier with thicknesses from 5 to 20 microns. The devices are 

characterized for their electrical, fluidic and mechanical performance. With electrical 

input of 5 kVpp, 1 kHz, the microscale DBD actuators induce a wall jet with velocity 

reaching up to 2 m/s and produce 3.5 mN/m of thrust, while consuming an average 

power of 20 W/m. A 5 mN/m plasma body force was observed, acting on the 

surrounding air. Failure of the microscale DBD actuators is investigated using thermal 

measurements of the dielectric surface in addition to both optical and scanning electron 

microscopy. The cause of device failure is identified as erosion of the dielectric surface 

due to collisions with ions from the discharge.  

A second generation of microscale actuators is then designed and manufactured 

using a more reliable dielectric material, namely silicon dioxide. These actuators 
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demonstrate a significant improvement in device lifetime compared with first-generation 

microscale DBD actuators. The increase in actuator lifetime allowed the electrical, fluidic 

and mechanical characterization to be repeated over several input voltages and 

frequencies. At 7 kVpp, 1 kHz, the actuators with SiO2 dielectric induced velocities up to 

1.5 m/s and demonstrated 1.4 mN/m of thrust while consuming an average power of 41 

W/m. The plasma body force reached up to 2.5 mN/m. Depending on electrical input, 

the induced velocity and thrust span an order of magnitude in range. Comparisons are 

made with macroscale DBD actuators which relate the actuator’s output performance 

and power consumption with the mass and volume of the actuator design. The small 

size and of microscale DBD actuators reduces its weight and power requirements, 

making them attractive for portable or battery-powered applications (e.g., on UAVs).  
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CHAPTER 1 
INTRODUCTION 

Portions of this dissertation have been published in the papers reported in 

Appendix C.  

Since the Wright brothers’ first powered flights in 1903, there have been endless 

efforts to improve aircraft flight control systems for increased stability and efficiency.  

Fixed wing aircraft use an array of control mechanisms. Some of these include the 

throttle for control of the speed of the aircraft and a system of moveable flight surfaces 

(ailerons, elevators, rudders, etc.) for control of the orientation. Additional devices such 

as flaps, slats, spoilers and/or trim tabs offer additional aerodynamic control. The 

unifying goal in the design of all aero control mechanisms is to control the flow over the 

aircraft in order to affect the flight dynamics. These flight control systems typically aim to 

improve some aspect of flight performance, such as stability and maneuverability, with 

minimum penalty in cost, weight, and complexity.  

Flow control systems may be separated into two categories: active and passive.  

Passive control devices include flaps, slats, slots and vortex generators that interact 

with the flow without requiring an applied input. Active control systems use actuators 

that interact with the flow only when there is an external input applied. Some examples 

of active flow control methods include zero-net mass flux actuators (such as synthetic 

jets), circulation control systems (valves and combustion systems that induce suction 

and/or blowing into the flow), and vibrating ribbons or oscillating wires that induce local 

fluid motion / perturbations (Cattafesta and Sheplak 2011). These active control 

techniques convert electrical signals into desired physical effects that act on the fluid.  
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Another recent interest for active flow control is the use of plasmas to induce flow 

effects. The most attractive features for using these “plasma actuators” for flow control 

are that they provide very fast response time with no mechanically moving parts.  

1.1 Plasma Basics 

Plasmas have been studied for over a century. The discovery of plasma was by 

Sir William Crooke in 1879, who invented the Crooke’s tube, which consisted of a glass 

cylinder with metal electrodes on either end (Crookes 1879). He noticed “radiated 

matter” inside the glass vessel when a high voltage was applied across the electrodes. 

The radiated matter was identified in 1897 as a cathode ray made up of free electrons 

by Sir Joseph Thompson (Thomson 1897). In 1928, about 30 years later, American 

scientist Irving Langmuir coined the term plasma to describe “the region containing 

balanced charges of ions and electrons” (Langmuir 1928). Langmuir is best known for 

his invention of the Langmuir probe, which is an electrostatic probe that enabled 

measurements of the electron density and electron temperature within the plasma. 

Throughout Langmuir’s era (late 1920s) plasma was often studied in the context of the 

study of the universe. Plasma research has since spread to include topics from 

energy/fusion physics and chemistry to materials science and semiconductor/ 

electronics processing. A more recent surge of research has re-surfaced in the last few 

decades with attention paid towards the use of plasma discharge in flow control 

applications.   

Generally speaking, plasma is a collection of charged and neutral particles. More 

specifically, plasma is a gaseous assembly of electrons, ions, and neutral molecules 

residing in electric and magnetic fields (Hutchinson 2002). Plasma is similar to a gas, 

but uniquely different as it is a good conductor of electricity and also affected by a 
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magnetic field. Plasma is often referred to as ‘the 4th state of matter’ as it comprises 

over 99% of matter in the universe (Chen 1984). Plasmas occur naturally in outer space 

as stellar medium and solar wind, and within the earth’s atmosphere as lightning and 

auroras. Plasma may be artificially created to make use of its consistently ionized state. 

Example applications of manmade plasma are the hall-effect thruster (space 

propulsion), etching (electronics manufacturing), ozone generation (water purification), 

sterilization (medical devices, toxic waste treatment) and chemical spectroscopy 

(material analysis).   

Plasma discharge occurs when a sufficiently high electric field between conductors 

results in electrical breakdown of the medium between them. Typically a non-conductive 

gaseous medium is used between the two electrodes. The term discharge refers to any 

flow of electric current through an ionized gas; or any process of ionization of the gas by 

the applied electric field (Raizer 1991). There are several types of plasma discharges, 

the most common being corona discharge, arc discharge and glow discharge. Corona 

discharge (Figure 1-1A) occurs when the electric field is high enough to ionize the gas 

surrounding a conductor. Typically, a sharp point or thin wire is used to create a 

concentrated electric field at the conductor’s surface.  Corona discharge is used to 

generate ozone, to create ionic wind (cooling applications), and to ionize samples for 

spectroscopic analysis. With further increase in the electric field, arc discharge occurs 

where the highly concentrated field physically arcs between the conductor and another 

surface. Arc discharge (Figure 1-1B) is commonly used for welding and cutting (plasma 

machining), and is also used in arc lamps for lighting applications.  In contrast, glow 
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discharge (Figure 1-1C) is a more uniform discharge that is characterized by having low 

current and being “weakly ionized”.  

Weakly ionized plasma discharges are categorized as having the following 

features: (1) they are driven electrically; (2) charged particle collisions with neutral gas 

molecules are important; (3) there are boundaries at which surface losses are 

important; (4) ionization of neutrals sustains the plasma in the steady state; and (5) the 

electrons are not in thermal equilibrium with the ions (Lieberman and Lichtenberg 2005). 

More generally, a plasma is considered weakly ionized when the ratio of ionized particle 

density to neutral particle density is on the order of 10-6 – 10-8 (or less), equivalently, 

when one in 1-to-100 million particles are ionized within the discharge. 

 A  B  C 
 
Figure 1-1.  Three common types of plasma discharge. A) corona discharge. B) Arc 

discharge (reprinted with permission, Mircea Madau 2005). C) Glow 
discharge. 

1.2 Dielectric Barrier Discharge Devices 

A dielectric barrier discharge (DBD) is a particular glow type plasma discharge that 

includes a dielectric material in between two electrodes. As the electric field is 

increased, the tendency for an arc discharge to occur becomes more likely. The 

dielectric acts as a barrier limiting the current and preventing arcing from occurring. The 

DBD architecture maintains the plasma in a glow discharge state and allows for large 
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electric fields to be applied between the conductors that would otherwise arc. The 

discharge can be configured to provide either a volume or surface discharge. The 

difference between a surface and volume discharge is that a surface discharge occurs 

over an area just above the dielectric, whereas a volume discharge occurs in a gaseous 

region between two electrodes in space. Figure 1-2 provides a schematic of both 

volume and surface discharge configurations.   

A B 
 

Figure 1-2.  DBD Configurations. A) DBD volume discharge. B) DBD surface discharge. 

The thickness of the dielectric and separation between the electrodes affect the 

required voltage to ionize the gas for discharge to occur. The breakdown voltage 

depends on the distance separating the electrodes, as it is the electric field strength 

(V/m) that must be sufficiently large for ionization. For example, air at atmospheric 

pressure and 20 °C requires ~30 kV/cm for electrical breakdown. It should be noted that 

the breakdown voltage does not only depend upon the distance between electrodes; it 

is also affected by temperature, pressure, and properties of the medium separating the 

electrodes, such as relative permittivity (Kogelschatz 2003) (and applies for either 

gaseous or solid dielectric mediums). Further details regarding the properties affecting 

electrical breakdown are provided in Section 2.2.2. 

1.3 Application of DBD Devices for Flow Control  

Dielectric barrier discharge (DBD) plasma devices have been shown to provide 

unique and complex electronic control over fluidic behavior. These devices offer simple 
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robust construction (no moving parts) and provide near instantaneous temporal 

response (plasma time scales much faster response than the typical fluidic time scales). 

These attributes are appealing for many applications, especially active flow control. A 

typical DBD device used in flow control applications consists of two electrodes placed 

asymmetrically on either side of a dielectric material (Roth et al 2000). A schematic of a 

standard DBD actuator is shown in Figure 1-3. A high-voltage, time-varying signal is 

applied across the two electrodes, creating a strong electric field between them. With 

sufficiently high applied voltage, the electric field causes the gas just above the 

dielectric surface to become weakly ionized creating a plasma discharge. This creates a 

surface discharge in the region between the two electrodes. 

 
 
Figure 1-3.  Schematic view of a single dielectric barrier discharge (DBD) plasma 

actuator. 

The plasma discharge provides an electrohydrodynamic (EHD) body force on the 

device and imparts momentum into the gas. The induced flow forms as a wall jet along 

the surface of the dielectric downstream from the powered electrode. A corresponding 

reaction force (thrust) is also imparted on the actuator. The reaction force on the 

actuator is equal to the force imparted to the fluid less the viscous force acting over the 

device surface. 
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In most cases it is common to encapsulate the bottom electrode with an insulating 

tape or epoxy in order to suppress discharge from occurring on the bottom surface of 

the dielectric. If both the top and bottom electrodes were exposed, the discharge would 

occur on either surface of the dielectric creating opposing plasmas, eliminating the 

directional, single-sided discharge that is desired for using DBD in flow control 

applications.   

Most prior investigations on DBD plasma actuators have focused on macroscale 

devices, having characteristic device dimensions ranging from millimeters to 10s of 

centimeters (discussed further in Section 2.1). However, despite their advantages of 

speed and simplicity, employment of DBD devices as flow control actuators in actual 

flight vehicles has been limited by modest fluidic control authority and the requirement 

for large high-voltage power supplies. Additionally, ad hoc, often unrepeatable 

fabrication approaches have further hampered their use. The limitations of DBD 

actuators are further discussed in Section 2.3. 

1.4 Research Objectives 

The objective of this dissertation is to fabricate and systematically characterize 

DBD devices having micrometer-scale dimensions. Devices are fabricated using wafer-

level microfabrication processes yielding DBD plasma devices with dimensions reaching 

down to 5 µm. Comprehensive experimental methods are then used to characterize 

their electrical, fluidic and mechanical behavior. These experiments add to scientific 

understanding of plasma dynamics, particularly microscale effects.   

There are numerous key motivations for the performed work. First, miniaturization 

of the DBD architectures to microscale dimensions addresses important system 

considerations, namely (i) to increase the per volume actuator authority, (ii) to reduce 
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the voltage and power requirements, and (iii) to improve the manufacturability. The 

actuator’s authority is determined by the amount of energy or momentum that the 

plasma discharge can couple into the surrounding gas, typically measured as the 

actuator’s thrust. The high voltages and power consumed by conventional, macroscale 

actuators require a large, massive power supply. Using microscale electrode 

geometries enable discharge at significantly reduced voltages, providing a 

corresponding reduction in the requirement of the power supply size and mass. 

Manufacturing of macroscale devices is performed using hand-assembly and offers very 

limited precision. Microscale actuators take advantage of semiconductor fabrication 

technologies and allow precise dimensional control of device geometries with excellent 

alignment of features between layers. In addition, the systematic and comprehensive 

experimental measurements will provide a unique experimental benchmark database 

for reference by other researchers. For example, the data can be used to validate 

numerical plasma and electrohydrodynamic models.    

The core intellectual merit of this project lies at the intersection of 

electromagnetics, electrohydrodynamics, and microtechnology. In the end, these 

experiments will characterize microscale DBD actuator performance and provide a 

database that can be leveraged for future application systems such as aerodynamic 

flow control, aerospace propulsion, microfluidic pumping, ozone generation, water 

purification, medical sterilization, surface treatment/activation, plasma machining, 

chemical detection, emission spectroscopy and plasma display panels. For these other 

(non flow control applications), another primary benefit of using microscale devices is 
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the ability to create portable devices for ‘field use’ such as chemical detection, 

sterilization of tools, and plasma machining. 
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CHAPTER 2 
BACKGROUND AND MOTIVATION 

This chapter presents current research on DBD plasma actuators including some 

of the advantageous fluidic effects that make them attractive for flow control 

applications. A review of research efforts focused on increasing actuator performance is 

presented. Several trends are discussed regarding the electrical, fluidic, and mechanical 

behavior of these devices. Some of the major limitations of macroscale DBD actuators 

are presented followed by a section on the benefits of microscale DBD devices, which 

address some of the macroscale limitations. The chapter concludes with a summary of 

research related to microscale discharge devices, highlighting relevant results.   

2.1 DBD Plasma Device Overview 

DBD actuators have been most widely studied for active flow control of relatively 

low Reynolds number (Re) flows. The Reynolds number is a parameter relating the ratio 

of internal forces with viscous forces, defined as Re /oLu  , where L is the length scale 

of the flow, uo is the flow velocity, and ν is the kinematic viscosity of the fluid. The 

Reynolds number is also used to characterize laminar and turbulent flow regimes. 

Hence, the combination of small length scales and induced velocities make DBD 

actuators attractive for flow control applications having low Reynolds number. Example 

applications include prevention or promotion of separation over an airfoil, drag 

reduction, and lift enhancement. Figure 2-1 provides a ‘classic’ portrayal of an airfoil in a 

wind tunnel (Roth 2003), showing the flow separation over the airfoil before the 

discharge is applied, and the flow re-attachment along the airfoil when the plasma 

discharge is present.   
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 A  B  
 

Figure 2-1.  DBD demonstrating flow re-attachment (Roth 2003). A) Airfoil in wind tunnel 
without plasma actuation (NACA 0015 airfoil, 2.85 m/s free stream velocity, 
12° angle of attack). B) Demonstrating flow re-attachment with DBD plasma 
actuators. 

2.1.1 State of the Art 

Many efforts have been made to increase the control authority (fluidic impact) of 

DBD actuators (Roth 2003; Enloe et al. 2004b; Roth and Dai 2006; Corke et al. 2007; 

Forte et al. 2007; Jolibois and Moreau 2009; Thomas et al. 2009), while simultaneously 

reducing the power requirements. Parametric trends have been studied ranging from 

input voltage amplitude and frequency, waveform shape (sinusoidal, pulsed, saw tooth, 

triangular, etc.), material properties, and device geometry. Waveforms with steep 

slopes, e.g., square waves and saw tooth waves, were reported to result in large current 

values which contribute poorly to the induced velocity (Jolibois and Moreau 2009). 

Typical DBD actuators produce a wall jet with velocity of 3 – 6 m/s occurring about 

0.5 – 1 mm above the dielectric surface. Maximum induced velocities have been 

reported up to 7 m/s as experimentally measured (Forte et al. 2007), and has been 

numerically predicted to saturate at approximately 10 m/s (Likhanskii et al. 2010). 

Figure 2-2 displays the average velocity profile measured for a standard macroscale 

DBD actuator using particle imaging velocimetry measurement techniques (Durscher 

and Roy 2012).   
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Figure 2-2.  Time averaged velocity flow field from a standard macroscale DBD plasma 
actuator (Durscher and Roy 2012). 

The detailed geometries of the electrodes have been found to play an important 

role.  Thomas et al. (2009) found a reduction in the required voltage when using 

electrodes with a serrated edge as compared to a straight edge electrode configuration.  

They also indicated that the thrust was increased by over 100% for input voltage 

amplitude below 15 kV (30 kVpp). Abe et al. (2008) also investigated the electrode 

geometry and found an increase in the momentum transfer to the fluid for thinner 

electrodes. The increase is believed to occur from having a stronger local electric field 

near the edge of a thinner electrode. In further investigation by Abe et al. (2008), a 

metal mesh was used for the electrodes in order to provide concentrated local electric 

field points where the mesh is cut off. Again, an increase in the thrust was found, up to 

150% at atmospheric pressure.   

In addition to basic parallel stripe electrodes, DBD actuators have been made in a 

number of configurations to induce flow in multiple directions. Both circular 

(Santhanakrishnan and Jacob 2007) and parallel (Benard et al. 2008) sets of actuators 

have been designed which are used to pinch the fluid normal to the actuator surface, 

acting as a plasma jet as shown schematically in Figure 2-3A. Directional plasma jets 
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may be induced through control of the relative voltages applied to individual parallel 

actuator pairs (Figure 2-3B). Serpentine or oscillatory electrode geometries have been 

investigated inducing both pinching and spreading effects on the fluid, creating three-

dimensional ‘corkscrew’ trajectories (Wang and Roy 2009a; Durscher and Roy 2011).  

A B  
 

Figure 2-3.  Plasma synthetic jet actuator (Benard et al. 2008). A) Schematic of two-
actuator configuration for creating a plasma jet.  B) Induced flow showing 
directional control capability with voltage biasing.  The two numbers in the 
images indicate the voltage applied to the left and right electrode pairs, 
respectively. 

2.1.2 DBD Plasma Devices – Scaling Trends 

Extensive reviews of plasma actuators for use in flow control (Enloe et al. 2004a; 

Enloe et al. 2004b; Moreau 2007; Thomas et al. 2009; Corke et al. 2010; Cattafesta and 

Sheplak 2011) summarize several performance trends that have been validated 

repeatedly in experiments. For example, the power dissipated by DBD actuators is 

found to be exponentially proportional to the sinusoidal input voltage amplitude, as

(Enloe et al. 2004b). There is also dependency on the power with input 

frequency, although this has been shown to be small in comparison to the exponential 

dependency upon amplitude. Furthermore, both the induced velocity and the resulting 

thrust are also reported to scale exponentially with voltage, having similar exponents 

(ranging between 3 and 4). However, the velocity and thrust are known to saturate at 

some input voltage or power (Thomas et al. 2009; Durscher et al. 2012). In this 

3 .5P V
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saturation regime, increasing the input no longer increases the velocity or thrust. In fact, 

it was recently shown by Durscher et al. (2012) that in the saturation mode the 

measured velocity and thrust both decrease in comparison to their values before 

saturation. Saturation mode can be identified visually by the onset of filamentary 

discharge events and also by a large increase in power consumption. In addition, the 

thrust and power nominally increase linearly with electrode length, and are typically 

reported as normalized by the electrode length.   

2.1.3 DBD Plasma Devices – Limitations 

As described above, DBD plasma devices have been widely studied for active flow 

control (Roth et al. 2000; Roth 2003; Enloe et al. 2004a; Baughn et al. 2006; Roth and 

Dai 2006; Corke et al. 2007; Forte et al. 2007; Enloe et al. 2009; Thomas et al. 2009; 

Versailles et al. 2010; Kriegseis et al. 2013b). Despite a decade of research by many 

research groups, their primary application has so far been largely limited to low-speed 

flow modification. One dominant reason is the limited flow control authority. The 

momentum transfer to the fluid can be related to the force density of the plasma 

discharge, where the force density is defined as the plasma body force acting on the 

fluid per unit volume. At the macroscale, the force density acting on the fluid is on the 

order of 1-10 kN/m3. It will be shown in the following sections that the force density of 

microscale plasma discharge may be much higher, on the order 1 MN/m3, as predicted 

numerically.   

Another limiting criterion for utilization in other applications such as aero 

propulsion is the excessively large size and weight of the required power supplies. In 

order to create the tens of kilovolts required for ionization of macroscale plasma 

discharge, large amplifiers and/or transformers are typically necessary. Reduction of the 
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voltage levels and/or total power requirements could enable new applications. This 

would require an on-board power supply of reasonable size and weight. It will be shown 

that the power requirement (per unit length) for microscale discharge is dramatically 

reduced, from ~100 W/m for macroscale devices down to ~20 W/m.   

Most prior research on macroscale DBD plasma actuators have been 

manufactured by hand, typically by cutting strips of adhesively-backed copper and 

placing them on either side of the dielectric layer. This handmade construction limits the 

dimensional precision of the electrode geometry as well as tolerances in the assembly, 

e.g. manually aligning the asymmetric electrodes. These manufacturing variations lead 

to inconsistency in the resulting device performance. Microscale actuators can be made 

with excellent dimensional control and with precision alignment through the use of 

semiconductor fabrication techniques.  

2.2 Potential Benefits of Microscale DBD Plasma Devices 

Reduction of the geometric dimensions of a DBD device is anticipated to introduce 

interesting physical phenomena and scale dependencies. In addition to the intellectual 

merit of fundamental discovery and exploration of these reduced-scale physics, there 

are a number of potential practical benefits of microscale plasmas including: 

  Increased per volume fluid control authority 

  Reduced power requirements 

  Improved manufacturability 
 

These concepts are further described below. 

2.2.1 Increased per Volume Fluid Control Authority 

Recent experiments and numerical predictions (Longwitz 2004; Wang and Roy 

2009b) give evidence of potential increases in fluidic control authority for microscale 

plasma devices. The aforementioned papers have considered a volume plasma 
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discharge between two electrodes in air, where the separation distance ranged from 

200 m down to 10 m. The experimental measurements of the breakdown electric field 

from Longwitz (2004) (black) showed excellent agreement with the numerical 

predictions of Wang and Roy (2009b) (blue), as illustrated in Figure 2-4. Specifically, the 

electric field (E) is shown to increase exponentially with decreasing gap. The numerical 

predictions are found using a first-principles approach solving a coupled system of 

hydrodynamic plasma equations and Poisson equation for ion density, electron density, 

and electric field distribution (Wang and Roy 2009b).   

 
 

Figure 2-4.  Electric field, charge and force density plotted as a function of electrode 
separation distance. Numerical results (blue circles) (Wang and Roy 2009b) 
compared with experimental results (black squares) (Longwitz 2004) of the 
breakdown electric field (left axis). The charge density (red triangles) and 
plasma force density (orange diamonds) are also plotted (right axis). 

The numerical models enable prediction of parameters that are difficult to 

physically measure. Interestingly, while the electric field is predicted to increase 

exponentially (matching the experiments), the numerical model also indicates a 

nominally constant net charge density, q (red), where q is the difference between the 

ion and electron densities inside the plasma. The product of charge density and electric 

field, qE, is the Lorentz force density (assuming no external magnetic field), which 
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imparts force on the fluid. The numerical model indicates that this force density (orange) 

scales up by 2–3 orders of magnitude. If true, this Lorentz force density increase should 

correlate with increased fluidic actuation (i.e. fluidic control authority regarding a flow 

control actuator). It should be emphasized that the results described above are for a 

volume discharge, and not for a DBD surface discharge. However, the electric field 

trend and fundamental physical explanations can be extended to dielectric barrier 

discharges. The physics behind this increased force density are described as follows. 

Following the electric field in Figure 2-4, a strong exponential increase in the field 

strength occurs when the electrode gap reaches below ~50 µm. It is in this geometrical 

regime that the increase in the force density is predicted. Hence, by using thin dielectric 

barriers, on the order of 10 µm in thickness, the microscale DBD actuators attempt to 

leverage the increase in electric field strength.   

2.2.2 Reduced Power Requirements 

In addition to the potential increased flow control authority described above, 

microscale plasma devices are anticipated to have dramatically lower power 

requirements. A major consideration for use a plasma device is the breakdown voltage, 

the voltage required to cause ionization of the gas and thus “ignite” the plasma. For 

relatively large electrode separation (millimeter or larger), the breakdown voltage 

generally decreases with closer electrode spacing, since the field required for 

breakdown is relatively constant. This reduction in voltage results in a reduction in the 

required power supply size. A lower-voltage power supply is generally smaller and 

lighter than a higher-voltage supply with equivalent power rating.  

The decrease in breakdown voltage with micron-scale gaps is somewhat debated. 

“Paschen’s law” (Paschen 1889) is a mathematical formula predicting the breakdown 
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voltage for parallel plate electrodes as a function of both the gas pressure and the 

electrode distance. Paschen found that, for a constant pressure, the breakdown voltage 

decreases with decreasing electrode gap distance, but then increases rapidly for 

electrode gaps below some threshold distance (typically on the micrometer scale). In 

the late 1950’s, Germer (1959) experimentally tested the breakdown voltage of metal 

sphere electrodes in air and vacuum and found deviations from Paschen’s curve. Torres 

and Dhariwal (1999) repeated similar experiments, again using metal sphere 

electrodes, and also found deviations from Paschen’s predictions. The experimental 

results from Torres and Dhariwal (1999) are shown in Figure 2-5. More recently, in 

2004, Longwitz (2004) studied breakdown voltages for microfabricated thin strip 

electrodes, and he also observed different trends from the predictions of Paschen.  

 
 

Figure 2-5. Measurements of breakdown voltage showing a departure from Paschen’s 
law (Torres and Dhariwal 1999).  

It seems that the behavior predicted by Paschen’s curve does not hold for all 

electrode geometries, as deviations were shown for both spherical and planar strip 

electrode configurations. And in fact, where Paschen found an increase in the required 

voltage for micron-scale gaps, more recent research has indicated a continued 
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decrease in the required breakdown voltage. This decrease in the voltage requirement 

for ionization is naturally complemented by a decrease in the device’s power 

consumption. If discharge can be obtained using voltages on the order of 10-100 volts, 

rather than the kilovolts required at the macroscale, the power supply size and 

complexity for operating DBD actuators could significantly be reduced.   

2.2.3 Improved Manufacturability 

In addition to potential improvements in performance, the manufacturability of 

plasma devices may be improved by considering microscale fabrication. Fabrication of 

microscale DBD plasma devices will employ semiconductor-like, batch-fabrication 

techniques, which affords several key benefits. First, this approach allows precise 

dimensional control for device geometries, as well as precise alignment between layers 

of electrodes. Thin film deposition and photolithography processes are used to create 

and align the electrodes with great accuracy. Multiple layers of complex 2-D electrode 

geometries can be fabricated via a series of chemical and mechanical processing steps.  

Compared to the macroscale fabrication, often using a razor blade to hand-cut and 

place electrodes, lithographic fabrication techniques eliminate the uncertainties of hand-

assembly. Another advantage of using semiconductor fabrication is that of batch 

processing, which enables the manufacturing of many actuators in parallel on a single 

substrate. The potential for arrays of numerous microscale actuators packed densely on 

the device combines the advantages of increased force density with those of batch 

fabrication.   

2.3 Summary of Related Research on Microscale Plasma Devices 

There have been previously reported microscale discharge generating devices 

ranging in application from pressure sensing (Wright and Gianchandani 2009), mass 
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spectrometry (Taylor et al. 2000), and optical emission spectroscopy (Marcus and Davis 

2001) to flow control actuators (Okochi et al. 2009) and microthrusters (Guman and 

Nathanson 1970). However, to the author’s knowledge there is no known body of work 

on surface discharge DBD devices with micrometer size geometries.  

The most similar DBD research is by Okochi et al. (2009) who created DBD 

actuators with electrodes as narrow as one millimeter (Figure 2-6A). The electrodes are 

deposited on either side of a 525 µm thick Pyrex wafer, which acted as the dielectric 

barrier. Velocity measurements were made using laser Doppler velocimetry (LDV). 

Velocities up to 2 m/s were measured using 1 mm wide electrodes with no gap or 

displacement between the electrodes (Figure 2-6B). The actuators were operated at 10 

kVpp and 10 kHz. 

A B  
 

Figure 2-6.  Millimeter-scale DBD actuator for flow control (Okochi et al. 2009). A) DBD 
actuator used for velocity measurements made using a glass dielectric and 
chrome covered electrodes. B) Horizontal velocity component measured at 
several downstream locations. 

Bass et al. (2001) designed a capacitive-coupled dielectric barrier volume 

discharge using helium gas within a 200 µm-wide quartz channel. The discharge is used 

to ionize gases for optical emission spectroscopy. Ono et al. (2000) investigated 

breakdown voltages for microfabricated silicon electrodes with gaps ranging from 2 – 50 

µm (Figure 2-7). Their research focuses on corona discharges between two electrodes 

in space. A CCD camera was used to capture photon emissions and found that small 
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amounts of discharge occur below the breakdown voltage. From Figure 2-7B, 

microdischarge is observed via light emission below the predicted breakdown voltage 

for both 2 µm and 5 µm electrode gaps. 

A   B  
 

Figure 2-7.  Investigation of breakdown voltages for microfabricated silicon electrodes 
(Ono et al. 2000). A) SEM image of planar silicon electrodes. B) Plot of light 
intensity vs. applied voltage. 

Mitra and Gianchandani (2008) used microfabrication methods to create a 

handheld chemical vapor detector using pulsed corona discharges between electrodes 

separated by as little as 200 µm. Results demonstrate detection of 100 ppm isopropyl 

alcohol and 320 ppm acetone in the presence of air at atmospheric pressure. Figure 2-

8A provides an image of the microdischarge device. The images in figures B and C 

demonstrate the emission spectra for air and a mixture of acetone in air, showing 

detection of carbon compounds in the acetone. 

A B C 
 

Figure 2-8.  A chemical vapor detector based on microdischarge excitation (Mitra and 
Gianchandani 2008). A) Fabricated device, microdischarge occurs at the 
center of the electrodes. B) Detection of atmospheric air. C) Detection of 
acetone in air. 
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Hopwood et al. (2000; 2002) also utilized MEMS fabrication techniques in creating 

an inductively coupled plasma generator consisting of a 3 turn, 5 mm diameter planar 

spiral inductor (Figure 2-9). The discharge is shown to operate in argon and air at 

pressures from 0.1 to 10 torr. Minayeva and Hopwood (2002) demonstrated detection of 

sulfur dioxide as low as 3 ppm using emission spectroscopy. Surprisingly, they were 

able to initiate plasma using only 1.5 W of power with +/- 12 V at 450 MHz. 

Gianchandani et al. (2009) presented a review of portable microdischarge devices 

specifically for sensing and detecting applications. The review focuses on sensors 

capable of liquid, gas and radiation detection with emphasis on compact size and low 

power consumption. Several of the detectors are able to operate in ambient air at 

atmospheric pressure.   

 A  B  
 

Figure 2-9.  Microfabricated inductively coupled plasma for emission spectroscopy 
(Minayeva and Hopwood 2002). A) Top view of device showing the inductor 
coil and two capacitors for impedance matching. B) Side view of plasma 
discharge operating in argon. 

Of the several configurations of microscale discharge summarized above, none 

have investigated micrometer geometries with DBD surface plasma generation. 

“Exploring the unknown” is a major motivation for the proposed work. However, the 
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devices reviewed above show several confirmatory results that support the work 

performed here. Some key noted observations are the demonstration of microdischarge 

in atmospheric pressure in air, the ability to initiate and sustain discharge with low 

power requirements, and the capability to transfer momentum to the flow.   
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CHAPTER 3 
MICROSCALE DESIGN AND FABRICATION 

This chapter presents the device manufacturing steps, beginning with a brief 

description of the physical dimensions and composition of the plasma devices and 

followed with a step-by-step explanation of the fabrication process. The devices are 

created layer by layer using additive thin-film processes on a glass substrate.   

3.1 Geometry and Materials 

The goal of this research is to investigate the behavior and flow characteristics of 

DBD plasma devices with microscale dimensions. These microscale DBD plasma 

devices will operate at standard atmospheric pressure and temperature, utilizing air as 

the discharge medium. Figure 3-1 shows a schematic of the microscale device 

geometry. First-generation devices were designed to mimic macroscale plasma 

actuators, but with scaled down geometries. These devices used a polymer-based 

dielectric layer from 10 – 20 µm in thickness. Polyimide, commonly known by its brand 

name Kapton®, has been used widely as the discharge barrier for DBD actuators 

(Enloe et al. 2004a; Enloe et al. 2004b; Moreau 2007; Thomas et al. 2009). The 

dielectric’s purpose is to serve as a barrier for the plasma discharge; it must withstand 

strong electric fields and be chemically inert from reacting with the discharge. In addition 

to high dielectric strength, low relative permittivity is also desired in order to maximize 

the electric field lines through the gas locally above the actuator (higher permittivity 

causes the electric field to take preference of traveling to ground through the barrier 

material instead of the surrounding air).  

Another polymer, SU-8, is an epoxy-based material that is commonly used in 

microelectromechanical systems (MEMS) manufacturing as a structural layer with good 
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chemical stability. An advantage of using SU-8 is that it is a photosensitive polymer thus 

lending itself to photolithographic patterning. For the second generation of microscale 

DBD actuators, a ceramic dielectric material is used instead of polymers. Specifically, 

silicon dioxide (SiO2) is chosen for its proven use in microelectronics as an insulation 

layer, and for its similarity to glass (glass is primarily compromised of SiO2), which is 

also frequently used for macroscale DBD actuators (Pons et al. 2005; Forte et al. 2007; 

Gregory et al. 2007; Moreau 2007; Thomas et al. 2009). 

 
 
Figure 3-1.  Microscale DBD actuator design. A) Top view schematic. B) Cross-section 

schematic indicating actuator dimensions.  

Thin-film copper electrodes (typically 0.5 µm thick) range in width from 10 – 5000 

µm and are offset by a lateral gap ranging from 0 – 500 µm. The electrodes are 10 mm 

in length. The discharge created is a surface discharge, as compared to a volume 

discharge, imparting a wall jet with maximum velocity occurring 0.5 – 1 mm above the 

dielectric surface. The discharge may provide 2-D or 3-D flow actuation, controlled by 

the electrode geometry. Straight parallel electrodes are shown in the schematic. 

Throughout this document, the device geometry is often identified using three numbers, 
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e.g., 50-100-100 µm; these values represent the width of the exposed electrode – the 

electrode gap width – and ground electrode width (units of microns).  

3.2 Fabrication Process 

A 500 µm thick glass (specifically, soda lime glass) substrate is used on which to 

fabricate DBD actuators. Glass was used as the substrate to avoid omnidirectional 

discharge that resulted when using a silicon substrate (due to the semiconducting 

properties of silicon).  The individual steps of the fabrication process are illustrated in 

Figure 3-2, and all microfabrication is performed in UF’s Nanoscale Research Facility 

cleanrooms.  

A standard photolithographic process (Fairchild Corporation 1979; Campbell 1996; 

Madou 1997; Senturia 2001) is used to transfer the first electrode pattern to the glass 

substrate. Beginning with a clean glass wafer, photoresist is spin-deposited (Suss Delta 

80 Spinner) and patterned with the bottom electrode structures. AZ 9260 

(MicroChemicals) positive-tone thick-film photoresist is used in all lithography steps 

throughout the fabrication process. After spinning the photoresist, it is soft baked for 180 

seconds at 110 °C to evaporate any residual solvent.   

The pattern is exposed using a Karl Suss MA-6 Contact Aligner equipped with an 

ultra violet lamp in hard contact mode, having approximate intensity of 5 W/cm2 at a 

wavelength of 365 nm (i-line). An approximate dose of 750 mJ/cm2 is used to expose a 

7 µm thick target photoresist layer. This dose is 30% larger than that recommended for 

use with a silicon substrate to account for the transparency of glass (less light is 

reflected from the glass into the photoresist). The exposed photoresist is developed in a 

3:1 ratio of deionized water and a potassium-hydroxide-based developer solution 

(MicroChemicals AZ 400K).   
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Figure 3-2.  Cross section diagrams of device fabrication steps.  

Copper electrodes are then deposited via sputter deposition (Kurt J. Lesker CMS-

18) for a target thickness of 0.5 µm. Prior to sputtering, the substrate is exposed to 

oxygen for 30 seconds, which cleans and roughens the deposition surface to increase 

adhesion of the sputtered metal. Following the oxygen, argon is pumped into the 

chamber for another 30 seconds to create an inert, low-pressure environment before 

beginning the sputtering process. Before depositing copper, a 50 nm titanium layer is 

sputtered to improve adhesion between the copper and glass substrate. Copper is then 

A  Spin coat photoresist. B  Expose and develop photoresist.

G  Reactive ion etch through dielectric, then 

strip photoresist.

H  Spin, expose and develop photoresist.

I  Sputter deposit top electrodes. J  Lift-off excess metal and photoresist.

C  Sputter deposit bottom electrodes. D  Lift-off excess metal and photoresist.

E  Deposit dielectric barrier layer (spin coat & 

heat cure polyimide or PECVD silicon 

dioxide).

F Spin, expose and develop photoresist etch 

mask.
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sputtered at 250 watts and 5 mTorr pressure, providing a deposition rate of 4 Å/sec. 

After sputtering, the photoresist and excess metal are removed using the ‘lift-off’ 

technique, in which the wafer is soaked in a heated bath (70 °C) of the organic solvent 

NMP (N-Methyl-2-pyrrolidone) for approximately 10 minutes. 

The next process step is creating the dielectric ‘barrier’ layer. First generation 

devices use polyimide (HD MicroSystems PI-2611) as the dielectric material. The 

polyimide is spin-deposited for a target thickness of 10 µm. The polyimide is dispensed 

onto the wafer and ~15 seconds are given to allow the polyimide to relax. The wafer is 

spun at 500 rpm for 7 seconds and then quickly ramped to 3500 rpm for 45 seconds. 

The polymer is then soft baked by placing on a hotplate at 90°C for 90 seconds and 

then immediately transferred to a second hotplate at 120°C for another 90 seconds. 

This spin-coat/soft bake process creates an approximately 5 µm thick polyimide layer, 

and is repeated twice to achieve the desired 10 µm thickness. After the final iteration, 

the polyimide layer is cured by ramping a hot plate from 150°C to 350°C at a rate of 4 

°C/min, and letting the wafer bake at 350°C for 30 minutes. The wafer is then allowed to 

cool to room temperature while on the hotplate to minimize stress. Once the polyimide 

is completely cured it is insoluble and reaches its optimal mechanical and electrical 

properties.   

For the devices with silicon dioxide dielectric, the SiO2 is deposited using plasma-

enhanced chemical vapor deposition (PECVD). In this method, the substrate is placed 

into a chamber at 300 °C and plasma is used to excite the reactive gases causing 

dissociation of precursor molecules for the chemical reaction that follows. The SiO2 is 

deposited at a rate of 42 nm/min, requiring a 4 hour deposition for a 10 µm layer. 
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After the dielectric layer has been deposited, it is necessary to etch regions to 

enable electrical contacts to the bottom electrodes that are covered by the dielectric. 

Both polyimide and silicon dioxide are etched using a reactive ion etch (RIE), a low 

pressure dry chemical etch process. The RIE system has an inductively coupled plasma 

(ICP) module that assists in generating and confining ions, while the platen potential is 

used to control the acceleration of ions toward the substrate during the etching process. 

A 20 µm thick photoresist layer is used as an etch mask during the RIE step. To create 

the etch mask, another photolithography process is performed (spin coat a 2-layer 

photoresist, exposing the pattern with UV lamp, and developing the exposed resist) to 

reveal the contact regions in the etch mask so they are exposed for the following etch.  

The wafer then undergoes the reactive ion etch. The polyimide is etched using O2 

gas pumped into the chamber at a flow rate of 60 sccm (standard cubic centimeters per 

minute) using 200 W of platen power and 600 W for the ICP unit. To etch silicon 

dioxide, both CHF3 and O2 gases are used with flow rates of 25 and 2.5 sccm, 

respectively, with 50 W of platen power and 200 W for the ICP. To help dissipate heat 

from the surface, a substrate cooling system flows12 sccm of helium onto the backside 

of the wafer throughout the process. The etch rate for both polyimide and silicon dioxide 

is approximately 500 nm/min using these parameters. The etch is allowed to run for an 

extra 10 minutes to help remove the last bit of ‘scum’ at the bottom metal electrode / 

dielectric boundary. Each wafer has four continuity test structures patterned on the 

bottom electrode layer. A digital multimeter is used to check for continuity and confirms 

whether the dielectric has been completely etched through. After etching through the 
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dielectric material, the photoresist mask is stripped in the NMP bath which completes 

the patterning of the dielectric barrier. 

The final processing step is creating the top layer of electrodes. This process is 

very similar to manner in which the bottom electrodes were deposited: photolithography 

followed by sputter deposition and then lift-off. The top electrodes are patterned directly 

onto the dielectric insulation layer, and a titanium adhesion-promoting layer is again 

used between the copper and dielectric surface. Following the lift-off of the top 

electrodes, the wafer is cleaned off a final time (acetone/methanol/DI water) which 

completes the fabrication process. First generation devices are shown in Figure 3-3 with 

polyimide dielectric. The straight configurations are known as linear DBD devices, and 

the curved ones are referred to as having serpentine geometry. Arrays with 3 – 6 

devices connected in parallel were also fabricated. 

 
 

Figure 3-3.  First generation of fabricated microscale DBD plasma devices with 
polyimide dielectric material; showing linear and serpentine electrode 
geometries. 
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After completing the device manufacturing, measurements are made to verify the 

dielectric layer thickness. A contact profilometer is used to make a one dimensional line 

scan across the device topology. The profilometer is a Dektak (model 150) diamond-

tipped stylus profilometer with sub-nanometer resolution. The tip of the stylus is 12 µm 

in diameter and applies 10 mg of force as it scans along the dielectric surface. The 

profile shown in Figure 3-4 corresponds to a scan across an etched region in the 

dielectric to provide an opening to the lower electrode for electrical contacts. The scan 

verifies that the 10 µm target thickness was achieved. 

Figure 3-5 illustrates several of the processing steps that were described in the 

fabrication of microscale DBD plasma actuators. General equipment used for 

manufacturing is shown along with several pictures of the wafer throughout the 

fabrication process. The illustrations correspond to the process for actuators having 

polyimide dielectric material as indicated in parts G and H.  

 
 
Figure 3-4.  Profilometer measurement of SiO2 dielectric layer topology, scanned over 

bottom electrode contact pad (see insert) for device with a target dielectric 
thickness of 10 µm. 
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 G  H  I  J  K  L  
 
Figure 3-5.  Images showing several of the process steps and equipmenet involved in 

the fabrication of microscale DBD plasma actuators (process shown for 
polyimide dielectric). A) photoresist spin coater, B-D) mask aligner, wafer load 
and alignment, E) sputter machine F) lift-off, G) polyimide spin coater, H) 
polyimide heat-cure, I-J) RIE for polyimide etch and wafer load, K) post RIE 
(etch mask removed), L) completed devices (after patterning top / exposed 
electrodes). 

3.3 Fabrication Challenges 

One issue that has been raised by prior microscale investigations is erosion of the 

electrodes. Ono et al. (2000) found that both metal and silicon electrodes undergo 

sputtering/erosion during device operation, which decreases the breakdown threshold 

voltage and reduces the lifetime of the device before failure. It was shown for metal 

coated electrodes that the anode suffers from sputtering and craters were observed 

from 2 – 4 µm in diameter under magnified imaging (Figure 3-6).  

Device failure is an important issue for microscale DBD devices. Along with 

electrode sputtering during operation, intensified electric fields form at corners and 

sharp points of conductors where the current is concentrated. These local regions of 

concentrated electric field can breakdown the dielectric surface causing a short circuit 

and inevitable device failure.   

The adhesion or bonding of the device layers is also critically important. Adhesion 

issues are notoriously common in the manufacturing of microelectronics in general. For  
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Figure 3-6.  SEM image showing 2 to 4 µm wide craters observed on a platinum anode 
due to electrode sputtering (Ono et al. 2000). 

example, in order to deposit copper traces directly onto silicon, a ‘seed layer’ of titanium 

is used. Copper has poor adhesion to bare silicon and may separate from the silicon.  A 

thin layer of titanium, which has excellent adhesion to silicon, is used in between the 

copper and bare silicon. The seed layer is typically on the order of 10s of nanometers.  

The copper can then be sputtered onto the titanium with better bond strength. The 

adhesion issue is also pertinent when choosing the dielectric material. Polyimide, which 

has been used successfully in the fabrication of the first generation devices, allows for 

good bonding with sputtered titanium. On the other hand, a dielectric such as PDMS, 

having desirable material properties (high dielectric strength, resists ozone and UV 

degradation, ability to deposit thick films), has extremely poor adhesion with metals 

being deposited onto it. Adhesion issues limit the available material set that can be 

utilized for possible enhanced device performance and/or device lifetime.  

Another fabrication challenge arises in depositing the SiO2 dielectric barrier. The 

chamber is held at 300 °C and following the deposition the substrate is removed into the 

ambient room temperature. The mismatch in the thermal coefficients of expansion 
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(TCE) of the SiO2 and the glass substrate induces stress as the wafer cools to room 

temperature. In addition, typical SiO2 layers used to insulate between layers of 

conductive wires in semiconductor devices are on the order of angstroms to 

nanometers, whereas several microns are used in these DBD devices. This deposition 

takes a significant amount of time, in which the substrate is subject to fairly high 

temperatures. Cracking was observed in the dielectric primarily over metal regions of 

the largest electrode features (e.g., over the large ground electrode geometry). Figure 

3-7 displays images of devices with 1 mm ground electrodes where the SiO2 has 

delaminated. Electrode features having dimensions of 100 µm and below typically did 

not suffer from stress-induced cracking of the SiO2 dielectric. 

 
 
Figure 3-7.  Regions of delaminated silicon dioxide over 1-mm-wide copper features.  
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CHAPTER 4 
EXPERIMENTAL CHARACTERIZATION METHODS 

Experimental characterization of microscale plasma devices is complicated by the 

fine spatial dimensions and short temporal scales of the fluidic response, as well as the 

small magnitude (nano- to micro-Newtons) of the mechanical force response. Accurate 

measurement of these quantities is of critical importance for improving fundamental 

understanding of the microscale physics, validating numerical models, and fueling new 

applications for these plasma devices. As such, characterization of microscale DBD 

actuators requires accurate data acquisition equipment along with maintaining sound 

engineering methods throughout the experimental setup and measurements collection. 

In order to use microscale DBD actuators for flow control applications, their electrical, 

fluid, thermal and mechanical performance must be quantified, providing repeatable 

results with minimal variation between devices. The methods and equipment used for 

device characterization are presented in this section. 

Figure 4-1 indicates the orientation of the actuator with respect to the coordinate 

axes. This orientation is used throughout the characterization of both velocity and force 

data. The x-direction corresponds to the streamwise flow, the z-direction to the 

spanwise flow, with the y-direction being normal to the actuator’s surface. 

The electrical voltage and current are monitored such that the devices’ power 

consumption may be computed. The fluidic wall jet flow and the reaction force (thrust) 

on the device due to the induced fluid momentum must also be measured to quantify 

the actuator’s performance. The surface temperature of the DBD actuator is also 

measured to assist with failure analysis. The following sections describe each of the 

characterization methods in detail.  
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Figure 4-1.  DBD device showing orientation of x,y,z coordinate axes. 

4.1 Electrical Measurements 

The electrical setup is shown in Figure 4-2.  A sinusoidal input voltage (typically 

~kHz frequency) is synthesized by a function generator (Tektronix AFG 3022B).  The 

voltage is then amplified to the kilovolts range using a high-voltage power amplifier 

(Trek model 30/20), which is connected directly to the DBD actuator terminals to create 

the plasma discharge. 

 
 
Figure 4-2.  Schematic of typical power supply and electrical measurement probes for 

DBD plasma generation. 

For the electrical characterization, both instantaneous and average electrical 

quantities are of interest.  The voltage across the device terminals is measured using a 

high-voltage probe (Tektronix P6015A), and the current entering the device is measured 

with an inductive coil current monitor (Pearson 2100).  A digitizing oscilloscope 

(Tektronix DPO3014) captures both of these signals, capable of sampling rates up to 2 

GSa/s (giga-samples per second) with a record length of 1 million points.   
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The time-average power consumption is computed by averaging the 

instantaneous power over an integer number of periods using MATLAB software. Using 

the discrete set of sampled data captured by the oscilloscope, the time-average power 

is found by averaging the voltage-current product over the total number of data 

samples, N, according to  

 
1

1
( )

N

avg j j

j

P V I
N 

  . (4-1) 

Note that the number of samples, N, should correspond to an integer number of periods 

of data for Equation 4-1 to be valid. An uncertainty analysis for the power measurement 

is provided in Appendix B. The error computed using this analysis is used to propagate 

the error bars reported in the average power data. 

4.1.1 Alternative Power Measurement Methods 

The current can be monitored a variety of ways depending on the available 

equipment. An inductive coil is commonly used within the DBD research community to 

measure the alternating current flowing into the DBD actuator. Alternatively, a small 

resistor is sometimes used when a current monitor is not available. The resistor is 

placed in series between the DBD actuator and ground.  The resistance is typically 100 

Ohms or smaller such that the voltage drop across it is much smaller than that across 

the actuator load. This allows for a standard voltage probe (i.e., does not require a high-

voltage probe) to measure the resistor voltage, and the current is then computed via 

Ohm’s law.  

The current signal is most challenging to resolve. Large spikes corresponding to 

conduction current are superimposed on a smaller sinusoidal component or 

displacement current signal. These current spikes can be more than two orders of 
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magnitude in amplitude compared with the amplitude of the displacement current, which 

follows the periodic frequency of the AC input. In order to capture the large current 

spikes, the oscilloscope’s vertical resolution must be set accordingly. This causes the 

sinusoidal component of the current to become compressed greatly and results in very 

poor resolution of the displacement current component. Inversely, if resolution is set 

finer to better resolve the displacement current, the current spikes are clipped. An 

investigation of this tradeoff in the current signal resolution is presented in the following 

section. 

Lissajous figures are used as an alternative method to compute the average 

power dissipated in a DBD (Kogelschatz 2003; Pons et al. 2005; Hoskinson et al. 2008; 

Hoskinson and Hershkowitz 2010; Kriegseis et al. 2011b; Ashpis et al. 2012; Kriegseis 

et al. 2013a). Instead of plotting the voltage and current waveforms with respect to time, 

the signals are plotted against each other, creating a Lissajous figure. The resulting plot 

is elliptical-shaped in which the aspect ratio of the ellipse is related to the phase shift 

between the two signals. In this case a small capacitor, referred as a measurement 

capacitor, is placed in series between the DBD actuators’ cathode and ground. The 

measurement capacitor (~nF) is chosen to be a few orders of magnitude larger than the 

capacitance of the actuator (~pF) such that the load capacitance is dominated by the 

plasma device. The voltage across the measurement capacitor is monitored and used 

to compute the charge accumulation Q on the capacitor, where Q = CV. The charge-

voltage characteristic curve is integrated to find the average power. In this method, the 

voltage across the measurement capacitor is typically noisy following the conduction 

current spikes from the dielectric barrier discharge. To ‘clean up’ the signal, the voltage 
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across the measurement capacitor is averaged while recording. The averaged signal is 

used in the integration of the average power, and suppresses many of the discharge 

events.  

Ashpis et al. (2012) implemented a non-linear compression circuit between the 

DBD actuator and ground. This circuit is used to suppress the large current spikes 

without attenuating the sinusoidal component in order to better resolve both the 

sinusoidal current as well as the current spikes simultaneously. In addition to the 

compression circuit, Ashpis et al. (2012) provides a thorough overview and comparison 

of the different methods available for computing the power dissipated in a dielectric 

barrier discharge. The reader is referred to this reference for details in these power 

measurement methods. In addition, the electrical performance of DBD actuators is 

thoroughly investigated as reported by Kriegseis et al. (2011b). In this work, the power 

consumption is related to the capacitance of the discharge, the thrust force and also the 

streamwise extent of the plasma discharge region.  

4.1.2 Considerations for Power Measurements 

There are several nuances to consider when computing the power consumed for 

DBD actuators. These apply to both the micro- and macroscale. Variables such as the 

oscilloscope sampling rate, the current amplitude resolution, and the number of point or 

periods recorded can affect the average power value. As mentioned in the previous 

section, there is a trade-off in resolving the components of the current signal. 

The current resolution is first investigated. A microscale actuator is tested (50-100-

100 µm geometry, 10 µm thick silicon dioxide dielectric) at 3.5 kVpp and 1 kHz input, 

and 100 periods of the voltage and current waveforms are downloaded for each of three 

current resolution settings. The oscilloscope is set to 20, 50 and 100 mA/division for 
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consecutive recordings (Figure 4-3). The sequence of these three current resolutions is 

repeated four times, again recording 100 periods during each download and integrated 

to compute the average dissipated power.  

 
 
Figure 4-3.  Voltage (blue) and current (green) waveforms plotted with time for different 

oscilloscope current resolution settings. A) 20 mA/div. B) 50 mA/div. C) 100 
mA/div. 

The average power values corresponding to the waveforms in Figure 4-3 are 

reported in Figure 4-4. The average power increases when using a larger range, i.e., 

with decreased current resolution. The conduction current spikes are not clipped when 

using a larger dynamic range, and the large amplitudes of the current spikes are 

captured and contribute to the average power calculation. With increased resolution, the 

spikes are clipped more heavily and they do not contribute accurately in the average 

power calculation. The power values in blue circles correspond to the largest geometry 

actuator, and vary from 0.14 – 0.23 W, indicating that nearly half of the dissipated power 

is not captured when clipping the current in these data. Similar power data is reported in 

Figure 4-4 for smaller device geometry (red diamonds). The smaller device consumes 

considerably less power, and the variation (percentage) between the power values 

based on the current resolution is even greater. The current spikes correspond to the 

discharge events, contributing to the conduction current which pertains to the real power 
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consumed. The sinusoidal component represents the displacement current that travels 

back and forth in and out of the load, and pertains to the reactive power due to the 

capacitance of the DBD actuator. While the sinusoidal component contributes some real 

power (amount depending on the phase between current and voltage), it is more 

important to capture the spikes in the current which contribute most to the real power 

dissipated in the DBD. 

 
 
Figure 4-4.  Average power as a function of current waveform resolution for two 

microscale DBD actuators. Both devices have a 50-µm-wide anode, 100 µm  
gap, with a 5-µm-thick silicon dioxide dielectric and are operated at 3.5 kVpp, 
1 kHz. 

The following example is discussed to further clarify these effects. There are eight 

divisions over the vertical range of the oscilloscope, and there are 8 bits dedicated to 

the vertical resolution corresponding to 256 discrete amplitude levels. A typical value for 

the amplitude of the sinusoidal current component for the microscale actuator is ~1 mA. 

At 20 mA/division resolution, the current signal achieves 8*(20mA)/28 = 0.625 mA 

resolution. This corresponds to only three or four values for which the sinusoidal current 
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will be discretized. In this case, there is poor resolution over the periodic component of 

the current, and the spikes will be clipped at +/- 80 mA. With increased current 

resolution, the displacement current may be better resolved at the cost of increased 

attenuation of the conduction current signal, resulting in misleading low power values. 

The next variable investigated is the sampling rate, or time resolution, of the 

oscilloscope.  This test was performed using a macroscale DBD actuator, having 5 mm 

wide copper strip electrodes and a 3 mm thick PMMA dielectric. The device was 

operated at 14 kHz and 1 million points were recorded. The sampling rate is varied from 

5 MSa/s up to 250 MSa/s with eight total increments (5, 6.25, 8.33, 12.5, 25, 50 125 and 

250), and the average power is computed for each case over an integer number of 

periods (depending on the sampling rate). The results are shown in Figure 4-5 for 

several input voltages. The average power has little dependency on the sampling rate, 

with a slight decrease in the power for the slowest sample rate (5 MSa/s). From 6.25 – 

250 MSa/s the power values are consistent and independent of the sampling rate.  

 
 
Figure 4-5.  Average power as a function of sampling rate for a macroscale actuator. 
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Instead of the sampling rate, the number of periods recorded is of more 

importance for an accurate power measurement. The same macroscale actuator was 

used for this experiment. The frequency was kept at 14 kHz and the sampling rate was 

set to 250 MSa/sec, providing 56 periods of data for each recording. The data was 

segmented into individual periods and a running average was performed over the 56 

periods.  

 A B 
 
Figure 4-6.  Influence of number of periods on average power value. A) Average power 

over n periods shown with standard deviation error-bars. B) Standard 
deviation of the average power over n periods.  

Figure 4-6 plots the mean power as a function of the number of periods used for 

averaging. In Figure 4-6a, the error-bars correspond to the standard deviation in the 

mean power value over n periods, while in Figure 4-6b only the standard deviation is 

plotted over n periods. From these plots, over 10 periods are required before the mean 

power begins to stay within the standard deviation. Acquiring even more periods 

reduces the standard deviation and provides more accurate average power data, with a 

tighter confidence interval. 
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To summarize, the mean power is affected most by the resolution of the current 

amplitude. A sufficient number of periods should be recorded and included in the mean 

power computation. The specific number of periods may vary based on the actuator 

geometry and electrical inputs, and so a running average analysis is recommended to 

ensure enough periods are captured. Finally, the sampling rate shows little influence on 

the power data, so long as the signals are sufficiently resolved in time. A low-end figure 

of merit for the sampling rate is to capture at least 500 points per period. 

4.2 Fluidic Measurements 

A spatial velocity map of the induced wall jet is of primary interest for fluidic 

characterization. Flow visualization techniques may be used qualitatively to view and 

compare the profile of the micro DBD induced flow with that of the macro DBDs. For 

quantitative velocity measurements, the fluid velocity may be measured using a number 

of methods. Non-intrusive test methods are preferred for two primary reasons; first, the 

large electric field for plasma discharge requires that no metal probes be used nearby, 

eliminating the possibility for utilizing hot wire velocimetry. Second, the induced velocity 

occurs in close proximity to the surface making it challenging to use physical probes 

without disturbing the flow. Non-metallic pitot or stagnation probes are a possible option, 

although they are limited in near-wall resolution due to restrictions in the probe 

diameter. A non-intrusive method, namely two-component particle imaging velocimetry 

(PIV), will be used to make the velocity measurements. Pitot measurements will be 

made to compare with the PIV results for validation purposes.  

4.2.1 Particle Image Velocimetry Measurements 

Two-component PIV measurements provide a two-dimensional cross-sectional 

image of the flow. A PIV image of the induced flow from a macroscale DBD actuator is 
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illustrated in Figure 4-7 (Durscher and Roy 2012). The vectors indicate the flow is being 

entrained near the upper electrode and pushed along the surface in the downstream 

direction, revealing the profile of the induced wall jet. Using a standard macro-lens in 

combination with typical optical teleconverters, an adjustable field of view (FOV) from 

~20 – 60 millimeters (streamwise) may be obtained. When used with a high resolution 

CCD camera, it provides a spatially resolved detailed image of the induced flow for the 

DBD actuators. The profile of the flow field for microscale actuators follows as a scaled 

version of that observed with macroscale DBD actuators, where the maximum velocity 

occurs just above the dielectric surface.    

 
 
Figure 4-7. PIV data showing time averaged induced velocity flow field from a 

microscale DBD plasma actuator. 

The actuators are tested directly on the glass wafer substrate on which they were 

fabricated. A large acrylic chamber is used to prevent the induced flow from being 

affected by ambient fluctuations in the laboratory creating a quiescent test environment. 

The chamber is 0.61 m square by 1.22 m tall, and also helps to keep large amounts of 

ozone from circulating into the laboratory. 
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A dual cavity pulsed Nd:YAG laser (New Wave Research Solo PIV II 30) is used to 

generate a light sheet along the centerline of the actuator in the direction of the induced 

flow (normal to the span). In order to ensure that the laser sheet is centered and 

perpendicular to the device span, reference indicators were included in the fabrication 

design which allow the light sheet to be accurately aligned. The laser sheet is adjusted 

using attached, on-axis optics to achieve a 1 mm thick beam waist. The test chamber is 

seeded with flow tracing particles. Ondina oil is used for the seeding material, which is 

vaporized using a TSI atomizer (Model 9302) using 25 psi of pressure. Using these 

settings, the atomizer produces seed particles with a mean diameter of ~0.8 µm (TSI 

2000). Durscher and Roy (2012) previously showed reasonable agreement between 

PIV data obtained using ondina oil as the seeding material and pitot static 

measurements implying the ondina particles are negligibly affected by the electrostatic 

forces near the high-voltage electrodes. A similar experiment is discussed in 4.2.2, 

further verifying the use of ondina to test microscale DBD actuator velocities.   

For each PIV test, 300 image pairs are taken at a repetition rate of 7.2 Hz. The 

time between laser pulses (dt) is adjusted based on the induced velocity. The dt is set to 

maintain a particle displacement of 5 to 7 pixels between image pairs for optimal data 

correlation. A LaVision camera (ImagerPro X 4M, 2048 x 2048 pixels2) is used to 

capture the PIV images and is fitted with a 105 mm lens. In some cases a teleconverter 

lens (1.4x or 2x) is used in addition to the primary lens, reducing the field of view and 

increasing the spatial resolution.  

LaVision’s proprietary DaVis 7.2 PIV software package is used to capture, pre- 

and post-process the PIV images. Prior to data collection, image calibration is 
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performed using a 40 mm square, two tier calibration plate. Data post-processing 

begins by computing the average intensity of each image frame. The average intensity 

is then subtracted from each raw image in order to increase the signal-to-noise ratio of 

the image. A particle intensity correction is applied locally over a window of 3 to 5 pixels 

allowing for smaller particles to be more effectively included in the image correlation 

(TSI 2000). The correlation is then applied using a multi-grid / multi-pass process. The 

first pass applied a 32 x 32 pixel window with 50 % overlap, followed by two refining 

passes using a 16 x 16 pixel window and 50 % overlap. The resulting velocity flow field 

has a vector resolution of 110 µm for a 30 mm wide x 20 mm high field of view, and 

~220 µm for a larger field of view (46 mm x 25 mm).  

The electrodes were designed so that they do not block the camera’s field of view 

of the wall jet during the PIV measurements. The induced flow structure begins near the 

edge of the exposed electrode and extends downstream, taken as the direction toward 

the grounded electrode (positive x direction). A schematic of the velocity measurement 

set up is provided in Figure 4-8 indicating the location of the velocity interrogation 

window with respect to the electrical contacts.   

 
 
Figure 4-8.  Schematic of experimental setup for velocity measurements indicating the 

field of view used with reference to the location of the electrical contact points. 
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The convergence of the time-averaged velocity is investigated in Figure 4-9 in 

order to determine whether 300 images provide a statistically sufficient number of image 

pairs. The data in Figure 4-9A displays the x-component of the velocity measured at x = 

3 mm and y = 0.5 mm, and in Figure 4-9B for x = 8 mm and y = 1.5 mm. These point 

are chosen to investigate the region in the core of the wall jet (x = 3 mm) and also the 

downstream diffused region of the induced flow (x = 8 mm). The velocity remains fairly 

constant at 3.0 and 3.5 kVpp with fluctuations (standard deviation / average velocity) 

within 2.1 % of the mean velocity. At 4 kVpp, the data at x = 3mm varies slightly more, 

within 2.4 % of the mean velocity value, although at x = 8 mm (Figure 4-9B) the velocity 

variation is 1.3 %. The overall variation in the averaged velocity is within 3.0 % and 

permits confidence in the time-averaged velocity measurements. 

A B 
 
Figure 4-9.  Velocity convergence plots over 300 image pairs for the x-component of 

velocity. A) x = 3.0 mm, y = 0.5 mm. B) x = 8.0 mm, y = 1.5 mm. 

4.2.2 Pressure-based Velocity Measurements 

In order to validate the velocity measurements from the PIV experiments, a 

stagnation probe is used to collect pressure data for a second independent 

measurement. From the pressure measurements the velocity may be computed 

according to 
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 21

2
atmp p v  , (4-2) 

where ρ is the density of air (kg/m3), v is the fluid velocity (m/s), and p and patm are the 

total and ambient pressures (Pa), respectively. The velocity is computed assuming 

steady and incompressible fluid properties and also neglecting viscous losses.   

The stagnation probe is constructed out of a modified glass pipette with an inner 

and outer diameter of 1.0 mm and 1.5 mm, respectively. Pressure measurements are 

made using a Furness Controls FCO332 differential pressure transducer calibrated to ± 

9 Pa with a ± 10 V output, providing 0.01 Pa resolution with accuracy within 0.5 %. Each 

data point represents the average of 100 voltage readings recorded at a sampling rate 

of 15 Hz using a National Instruments data acquisition module (PCI-6133). The 

differential pressure, ΔP, measurements were converted to velocities using Equation 4-

2 where the air density value was taken as 1.18 kg/m3. A two-axis motorized traverse 

(Velmex PK268 03B) is used to make accurate adjustments for the locations of the 

stagnation probe. An image of the experimental setup is shown in Figure 4-10. The 

probe is shown mounted onto a two-axis motorized traverse for accurate control of the 

measurement locations. The results from the pressure measurements will be used 

primarily to indicate some level of confidence in the PIV data. 

 A  B 
 
Figure 4-10.  Configuration for pressure measurements. A) Top view of device under 

test, the probe is mounted to the traverse (in foreground). B) Side view. 
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4.3 Mechanical Measurements 

The mechanical response of a macroscale DBD actuator is typically characterized 

by its induced thrust (Baughn et al. 2006; Gregory et al. 2007; Porter et al. 2007; Abe et 

al. 2008; Enloe et al. 2008; Enloe et al. 2009; Font and McLaughlin 2010; Kotsonis et al. 

2011; Durscher and Roy 2012; Kriegseis et al. 2013c; Neumann et al. 2013). When a 

plasma actuator imparts momentum to a fluid, there is an equal and opposite net 

reaction force (thrust) acting on the device, as illustrated in Figure 4-11. Here the term 

thrust describes the net reaction of the actuator due to pressure, shearing, and plasma 

induced forces. Characterization of these forces will enable verification of numerical 

studies of the force density acting on the fluid, since the net fluidic response must be 

balanced by a reaction force on the DBD device less the viscous losses on the plate 

surface. Quantifying the net thrust provided by the actuator is useful to identify possible 

aero propulsion or space thruster applications. 

 
 
Figure 4-11.  Schematic indicating the shear and body forces acting on an actuator and 

the imparted plasma force produced by a DBD actuator. 

The thrust may be directly measured using a force balance or computed indirectly 

from velocity measurements. For a direct measurement, a torsional balance can be 

used to measure the actuator thrust in opposition to two torsion springs. Here, an optical 

displacement sensor is used to measure the angular displacement of a beam when the 

DBD actuator is turned on. For the indirect measurement, the force can be extracted by 

applying a control volume analysis or spatial body force analysis to the measured 
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velocity data. These methods are investigated for the measurement of the DBD body 

force and are discussed in detail in the following sections. 

4.3.1 Direct Force Measurement 

The thrust produced by a macroscale DBD actuator is typically on the order of 10’s 

mN/m and can be measured directly using a digital force balance. Here the actuator is 

mounted on the balance such that the plasma is directed away from the balance such 

that the reaction force is applied downward onto the balance. An example of 

macroscale actuator thrust measurements is shown in Figure 4-12 (Thomas et al. 

2009). In Figure 4-12A the thrust is plotted against input voltage for various dielectric 

materials and thicknesses. The thrust measured for Teflon is over 20 mN/m (normalized 

per meter length of electrodes) for both thicknesses that were tested. In Figure 4-12B 

the thrust is again plotted against input voltage for various input frequencies. The 

largest thrust measured here reaches almost 150 mN/m and show generally greater 

values with lower frequency.  

A B  
 
Figure 4-12.  DBD thrust measurements (Thomas et al. 2009). A) Normalized thrust 

measured using a digital balance for different thickness dielectrics plotted vs. 
input voltage. B) Normalized thrust plotted vs. peak-to-peak voltage. 
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However, for microscale DBD devices, the thrust is on the order of 0.1 – 1 mN/m 

(Zito et al. 2012). The electrode length is 10 mm, indicating that the measured force 

before normalizing the electrode length is on the order of 1 – 10 µN (0.1 – 1 mg). The 

resolution of typical balances used to directly measure the DBD force is 1 mg. Hence, 

the microscale DBD force is, at best, on the order of the balance’s minimum detectable 

signal. For the smaller of the microscale DBD geometries (i.e., 50-100-50 µm 

geometry), the thrust is even smaller and cannot be measured on a typical scale 

balance. In addition, the thrust acts in-plane with the DBD and is on the order of micro-

Newtons, presenting some demanding measurement challenges.  

Extremely sensitive force measurement capabilities based on micro-

electromechanical systems (MEMS) have been developed with pico-Newton force 

resolution (Chandrasekharan et al. 2009; Chandrasekharan 2010; Heinrich and Waugh 

1996). Capacitive (comb fingers), piezoresistive or piezoelectric means of detecting the 

displacement are MEMS based sensors that could be considered. The challenge with 

these methods of detection is that they all are subject to electromagnetic interference 

(EMI). These sensors need to be mounted in close proximity to the actuator itself, and 

are likely to be affected by the strong electric field surrounding the discharge.  

Alternatively, an optical-based measurement is capable of detecting sub-micron 

displacement (Chen et al. 2010; Horowitz et al. 2004; Gamero-Castano 2003), and is 

desirable for its immunity to EMI. This method has been implemented to measure the 

displacement of a torsion force balance. 

4.3.1.1 Torsion balance 

Direct thrust measurements are made using a custom-built torsional force balance, 

which measures the angular deflection of a beam acting against torsion springs. The 
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balance is designed similar to that reported by Gamero-Castano (2003). The actuator is 

mounted at the end of a beam moment arm such that the thrust displaces the balance 

away from an optical displacement sensor. The balance rotates upon a vertical axis 

defined by an aluminum beam mounted with two torsion springs (one at each end), and 

an aluminum moment arm deflects horizontally as the axis rotates. A schematic of the 

torsional force balance is shown in Figure 4-13.  

A B 
 
Figure 4-13.  Torsional force balance schematic. A) Top view schematic of torsional 

balance showing location of DBD actuator and the optical displacement 
sensor. B) Side view schematic showing the horizontal beam, torsion springs 
and axis of rotation.  

The induced thrust from the actuator produces a torque on the balance, which is 

related to the rotational spring constant (or torsion coefficient) of the torsion springs as 

well as the angle of deflection about its rotational axis,  

 
k

T
l

 , (4-3) 

where T is the thrust force (N) acting on the balance, l is the length (m) of the moment 

arm, kθ is the rotational spring constant (N·m/rad), and θ is the angle of deflection (rads) 

of the balance arm. The angular displacement is measured using a reflectance-based 

optical displacement sensor (PhilTec D63). The displacement sensor has 50 nm 

resolution when operated using a minimum of 256 averages per sample. 
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 The balance is calibrated using logarithmic decrement analysis to extract the 

rotational spring constant for an underdamped system. This method is based only on 

the reaction of the balance to an initial displacement (the displacement amount does not 

need to be known a priori). The spring constant k is related to the balance’s natural 

frequency (ωo) and mass inertial term (MI), according to  

 2

ok MI  . (4-4) 

The mass inertial term (MI), a.k.a. moment of inertia or rotational inertia, is dependent 

on the geometry and materials of the balance. The natural frequency (ωo) can be 

extracted using the frequency of the damped oscillations (ωd) as well as the damping 

ratio (ζ), according to  
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. (4-5) 

To compute the natural frequency, the damped frequency and damping ratio must first 

be extracted. The damped frequency (ωd) is extracted graphically using the period 

between the decaying oscillations from the system’s response to an initial displacement. 

Similarly, the damping ratio is also extracted graphically using the relative amplitudes of 

the damped oscillations.  

Figure 4-14 shows displacement measurements from the torsional force balance. 

The deflections are caused by the electrostatic force between two parallel-plate circular 

electrodes, and measured using the optical displacement sensor. One electrode is 

mounted on the horizontal beam of the balance, while the second electrode is mounted 

to a separate pillar that is brought in close proximity (~1 mm) to the beam using a 
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micrometer (opposite the side of the optical displacement sensor). In this case, a 120 V 

DC potential is applied across the electrodes, causing a deflection of ~9 µm. 

 
 
Figure 4-14.  Displacement measurements from torsional force balance plotted against 

time.  

The voltage is applied for about 15-20 seconds and then turned off, and the response of 

the balance is given enough time to settle back to its zero position. Analysis of the 

transient response after the input is removed provides the data necessary to extract the 

natural frequency (i.e., damped frequency and damping ratio). Figure 4-15 provides a 

close-up view of the transient response of the first pulse in Figure 4-14. The peaks of 

the first three oscillations (after the input is removed) are recorded for the analysis. 

 
 
Figure 4-15.  Zoom-in view of the first pulse’s transient response used for extracting the 

balance spring constant.  
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From these data, the damped frequency is computed using the time between the 

oscillations:  

 
1

2
d

n nt t









, (4-6) 

where n = 1, 2, 3, etc. are the number of oscillation peaks recorded (n = 3 in this case). 

For n oscillations, there are n-1 data points provided for each calibration pulse. A total of 

ten pulses are recorded for statistical averaging.  

Next, the damping ratio (ζ) is extracted using the amplitudes of the decaying 

oscillations via the logarithmic decrement, δ.  The logarithmic decrement is equal to the 

natural log of the ratio of amplitudes of the decaying oscillations, according to  

 
1

ln o

m

y

m y
  , (4-7) 

where ym is m periods away from yo. For m=1, the log decrement is equal to the natural 

log of the ratio of two successive peaks. From the logarithmic decrement, the damping 

ratio is calculated as  
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. (4-8) 

Now that the damped frequency and damping ratio have been extracted, the natural 

frequency of the balance may be computed according to Equation 4-5.  

The next step is to calculate the mass inertial term for the torsional force balance. 

The mass inertia is found by superimposing the mass inertia for each component of the 

balance about the same axis, as illustrated in Figure 4-16. The balance is made up of a 

vertical aluminum bar which serves as the axis of rotation, an aluminum horizontal 

cross-bar, and a cylindrical stainless-steel (SS) counterweight. The horizontal cross-bar 
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and counterweight both have a center of mass which does not lie on the axis of rotation, 

and so the parallel axis theorem is used to compute the moment of inertial about the 

physical axis of rotation. The condition for using the parallel axis theorem is such that 

the moment of inertia before applying the theorem must be computed about an axis that 

is parallel to the axis of rotation. 

 
 
Figure 4-16.  Graphical representation of the superposition of the mass inertia for each 

component of the torsional balance. 

As shown in Figure 4-16, the moment of inertia for each of the three components 

is computed individually and summed together for the balance’s total mass inertia. 

Table 4-1 provides the parameters of the balance used for the mass inertia calculation. 

The width, depth and radius parameters are measured with digital calipers with micron 

resolution, and the uncertainty represents the variation in the measurement at various 

locations of each component. The offset from the axis of rotation is measured with a 

standard ruler, and the uncertainty is within 1 mm (based on the resolution of the ruler). 

The mass is weighed using a digital balance (Royal  Model dS3) having 1.0 gram 

resolution and a 1.3 kg weight limit. The moment of inertia is calculated for each 

component and then summed for a total balance mass inertia equal to 0.0392 kg·m2.  
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Table 4-1.  Parameters for computing the force balance moment of inertia. 

 Vertical Aluminum 
bar 

Horizontal Aluminum 
bar 

Stainless-steel 
Counterweight 

Width (m) 0.0325  0.0005 0.4580  0.0005 NA 

Depth (m) 0.0325  0.0005 0.0325  0.0005 NA 

Radius (m) NA NA 0.0192  0.0001 

Offset (m) 0 0.075  0.001 0.130  0.001 

Mass (kg) 0.297  0.001 1.187  0.001 0.682  0.001 

MI 5.228 x 10-5  2.753 x 10-2 1.165 x 10-2 

TOTAL MI = 0.0392 kg·m2 

Having computed the moment of inertia and extracted the natural frequency, the 

rotational spring constant (kθ) can now be calculated from Equation 4-4. Finally, with 

knowledge of the spring constant and the measured angular displacement, the DBD 

force can be computed using Equation 4-3. A complete uncertainty analysis for the 

direct thrust measurement is provided in Appendix B.  

4.3.2 Velocity-based Force Measurement 

In addition to a direct measurement, the net reaction thrust and/or plasma induced 

body force may be inferred from the velocity field (Hoskinson et al. 2008; Albrecht et al. 

2011; Kotsonis et al. 2011; Durscher and Roy 2012; Kriegseis et al. 2013c). Two 

methods are investigated to do so: first, a control volume analysis is used to compute 

the net thrust based on the difference in momentum flux through a set of boundaries. 

The second method utilizes the Navier-Stokes equations to solve for the body force 

term spatially over all points within the velocity field. The total force may then be 

determined through integration. The details of these two methods follow. 

4.3.2.1 Control volume analysis 

In the first method, the thrust acting on the device may be estimated via a control 

volume (CV) analysis using the measured velocity data. Three recent publications 

(Hoskinson et al. 2008; Durscher and Roy 2012; Kriegseis et al. 2013c) have compared 
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control volume extracted thrusts with direct measurements obtained using a digital 

balance. The results showed relatively good agreement. 

The following presents results from Durscher and Roy (2012), which provides a 

guideline for an appropriate analysis in order to accurately compute the force. In this 

work, a control volume was applied to PIV measurements to investigate the effect of 

varying the height and width of the control volume on the force computed. The thrust 

results were found to have a strong dependence on the boundary locations of the 

control volume. Shown in Figure 4-17A is a plot of the horizontal force component 

calculated for three different input voltages while varying the width (W) and height (H) of 

the applied control volume boundaries (Figure 4-17B). If the window is too short in 

length, the thrust is significantly over predicted (roughly doubling in value for the 15 and 

19 kVpp data). The force values converge in agreement when the width has sufficient 

downstream extent and the height is ample to include the thickness of the induced wall 

jet.  

A B 
 
Figure 4-17.  Control volume analysis for computing actuator thrust (Durscher and Roy 

2012). A) Horizontal component of thrust force calculated from control volume 
analysis plotted against varying control volume width for three different input 
voltages. The effect of varying the height is also shown (via line styles). B) 
Control volume used to calculate reaction forces induced by the plasma 
discharge. 
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Direct thrust measurements were also made using a replica actuator to compare 

with the control volume analysis. The length of the plate over which the induced flow 

acts upon was varied to investigate the effect of the actuator plate length. It was found 

that the thrust measured converged only when the plate was sufficiently long. When the 

plate was shortened such that it was just long enough to cover the ground electrode, the 

thrust measured is shown to increase by 20%, indicating increased discrepancies with 

applied voltage. This increase in the measured thrust is believed to stem from having 

insufficient length for the flow to fully develop and not allowing saturation of the viscous 

drag to occur. With at least 10 cm of downstream length the thrust measurements 

converge. As important it is for the control volume to accurately predict the thrust 

inferred from PIV data measurements, it is of equal importance to make sure the direct 

thrust measurements also provide accurate data. 

Figure 4-18 shows the comparison of the direct thrust measurements with the 

thrust computed using the control volume analysis (Durscher and Roy 2012). The two 

methods provide similar results with the larger control volume. With the shorter CV 

window, the force calculated from the CV method is 25% larger. The direct force 

measurements showed close agreement with the control volume analysis only when 

there is ample downstream distance included in the control volume boundary. By 

applying the appropriate boundaries to the microscale DBD induced flow PIV 

measurements, the thrust provided by the microscale actuators may be extracted. This 

method will be used to characterize the device thrust and to compare with the direct 

force values measured from the torsional balance.   
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Figure 4-18.  Comparing horizontal thrust component from two measurement 

techniques (Durscher and Roy 2012). The direct thrust measurement (red 
triangles) is shown to match well with the thrust calculated using the larger 
control volume (black squares). The thrust predicted using the narrower 
control volume (green diamonds) is shown to over predict the values, 
especially at higher voltages. 

As shown in Figure 4-19, a rectangular control volume is applied to the flow field. 

The individual components of the thrust, Tx and Ty, are computed using the conservation 

of momentum equations, assuming two-dimensional flow (negligible spanwise 

variations), time independence (time-averaged data is used) and negligible pressure 

gradients (constant pressure). The analytical expression for the individual x and y thrust 

components follow, normalized by the electrode length (units of N/m): 
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In the above equations, the density of air, ρ, is taken as 1.18 kg/m3 corresponding 

to a temperature of 25°C and atmospheric pressure and is assumed spatially constant 

throughout the analysis. Constant density is assumed in similar works (Hoskinson et al. 

2008; Durscher and Roy 2012), and a formal investigation is presented by Enloe et al. 

(2006), where a 2% increase in the fluid density was observed 1 mm above the actuator 

surface near the exposed electrode edge. 

 
 
Figure 4-19.  Schematic view of the control volume used for extraction of thrust data 

from PIV measurements. 

To extract the thrust results from the PIV data, the integrals in Equations 4-9 are 

applied to the time averaged velocity data from the PIV measurements using MATLAB 

software. A second order trapezoidal method is used to numerically integrate the data 

using the MATLAB embedded trapz function.   

As shown in Equation 4-9A the x-component of thrust is a combination of the 

integrated plasma body force and fluidic shear, therefore by estimating the viscous 

shear the net plasma body force, Fplasma (units of N/m), may be recovered. The net 

shear force, Fshear (units of N/m), acting on the plate may be estimated by integrating the 

viscous shear component, fshear (units of N/m2), given by 
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where the dynamic viscosity of air, µ, is taken as 1.86 x 10-5 Pa-s. The first row of 

velocity values above the actuator surface are used for the computation of the shear 

force, following the same method as reported by other groups (Versailles et al. 2010; 

Albrecht et al. 2011; Kriegseis et al. 2013c). The estimation of the net plasma body 

force enables comparison with predictions from numerical studies.   

4.3.2.2 Spatial body force estimation 

In the second method, the entire (two-dimensional) flow field is used to estimate 

the spatial plasma body force, fplasma (units of N/m3). This method has been reported by 

other groups (Albrecht et al. 2011; Kotsonis et al. 2011; Kriegseis et al. 2013c). 

Compared with the control volume analysis, which only provides integrated quantities, 

the body force may be computed at all points within the flow field. After applying the 

aforementioned assumptions (time-averaged, negligible pressure gradient, two-

dimensional flow), the incompressible Navier-Stokes momentum equations reduce to  
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where, as mentioned in the previous section, the density of air, ρ, is taken as 1.18 kg/m3 

and the dynamic viscosity of air, µ, is taken as 1.86 x 10-5 Pa-s. 

Equations 4-11 provide the spatial plasma body force distribution over the two-

dimensional flow field. The first and second spatial derivatives of the velocity are 

computed using the built-in MATLAB gradient function. The results from this method 

may be compared to the results of the control volume analysis by integrating the spatial 

plasma body force over a prescribed area. Figure 4-20 plots the x-component of the 



 

80 

spatial body force as computed from Equations 4-11A for a device with 50-100-1000 µm 

geometry and a 10-µm-thick silicon dioxide dielectric layer. Estimating the plasma body 

force spatially provides data for comparison with numerical simulations of DBD 

actuators, which commonly compute the plasma body force acting on the fluid.  

 
 
Figure 4-20.  Spatial plasma body force for a microscale DBD actuator with 50-100-

1000 µm geometry and a 10-µm-thick SiO2 dielectric layer, operated at 7 
kVpp and 1 kHz. 

4.3.2.3 Investigation of 2D flow 

The assumption that the plasma induced flow is primarily two dimensional is 

investigated in this section. Two experimental configurations are used in this analysis. 

First, the actuator is mounted parallel to the laser plane to allow top-view PIV 

measurements at different heights above the actuator surface. A single-axis manual 

traverse (Velmex model A-1503-P40-S1.5) allows the floor of the test chamber to 

translate ± 19 mm. This allows accurate increments in the actuators’ location in relation 

to the laser, which is fixed in position to keep focus with the camera throughout the 

experiment. Figure 4-21 shows a top-view velocity contour plot taken just above the 

surface of the actuator (y = 0.5 mm) for a device with 50-100-1000 µm geometry and a 
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10-µm-thick silicon dioxide dielectric, operated at 6 kVpp and 1 kHz. An image of the 

device is superimposed over the velocity contour to provide the relative location of the 

DBD actuator with respect to the flow field. 

 
 

Figure 4-21.  Top view velocity contour, shown with device overlaid to indicate its 
location relative to the flow field. Displaying x-z plane at y = 0.5 mm for 
actuator with 50-100-1000 µm geometry and a 10-µm-thick dielectric layer, 
operated at 6 kVpp and 1 kHz. 

Over the span of the actuator the flow is primarily in the x-direction. Near the edge 

of the electrodes (z = ±5 mm), the z-component of the velocity becomes significant. 

However, over the range of z from -4 to 4, corresponding to the spanwise length of the 

actuator neglecting the edges (indicated with dotted white lines in Figure 4-21), the z-

component is minimal.  

In the second experiment, PIV measurements are taken across the span of the 

actuator. The device for this test had 50-100-100 µm geometry and a 10-µm-thick 

silicon dioxide dielectric, operated at 4 kVpp and 1 kHz. Starting in the center of the 

actuator (z = 0 mm), measurements are repeated at z = 2, 4 and 6 mm. Recall the 

actuator is 10 mm in span, ranging in z from -5 to +5 mm. The data at 0, 2 and 4 mm lie 

within the plasma generation region, where at z = 6 mm the laser plane is 1 mm past 



 

82 

the electrode’s length. End effects near the edges of the electrodes are expected to 

contribute in this region.  

 
 
Figure 4-22.  Variation of the velocity contour along the span (z-direction) of the 

microscale actuator. Bottom-right insert shows top-view; dashed lines indicate 
z-locations of four spanwise velocity contours. 

Figure 4-22 displays the results from the spanwise tests. The insert in the bottom-

right indicates the locations corresponding to the four contours shown. The velocity 

fields show good agreement among the flow from z = 0 to 4 mm. By z = 6 mm the plane 

of illumination is beyond the end of the electrodes indicating reduced velocity values at 

the electrode ends. The top-view velocity contour in addition to these spanwise varying 

contours provides some justification for the two-dimensional flow assumption.  

4.3.2.4 Investigation of fluid continuity 

The conservation of linear momentum is investigated next. This analysis is 

performed on the velocity data from the device used in the previous investigation on 2D 

flow (50-100-100 µm geometry with 10-µm-thick SiO2 dielectric, 4 kVpp, 1 kHz). For a 
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steady state flow, the continuity equation states that mass entering the system must be 

equivalent to that leaving the system. In differential form the continuity equation is 

written as  

   0u
t





 


.  (4-12) 

Assuming incompressibility, Equation 4-12 reduces to  

 0u  , (4-13) 

indicating that the divergence of velocity is exactly zero at every point within the flow 

field. For an ideal 2D incompressible flow, the z-component of velocity is zero and 

Equation 4-13 holds. In reality there is some non-zero value to Equation 4-13. This non-

zero value can be attributed to one, or more likely a combination, of three conditions: (1) 

the flow is 3D, (2) the flow is compressible, or (3) velocity measurement uncertainty. 

Assuming incompressible flow and negligible velocity error, Equation 4-13 can be 

rewritten to account for the unknown velocity component, as 
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which implies that the non-zero value of the 2D convergence may be attributed to the 

change in the z-component of velocity across the thickness of the laser sheet. Figure 4-

23 plots the divergence of velocity corresponding to two planes along the span of the 

device. In the local discharge region, the divergence values are largest as the velocity 

changes most rapidly. For z = 0 mm, the profile corresponding to the middle of the 

electrode span, the divergence values range in magnitude from 0 to 20 s-1 in the 

downstream region corresponding to the wall jet. From Equation 4-14 and following the 

logic that this value represents the unknown velocity component across the laser sheet, 
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the change in velocity across the thickness of the laser is computed by multiplying this 

value by the thickness of the laser plane (0.5 mm). This indicates an estimated 0.01 m/s 

change in the z-component of velocity across the laser sheet. The primary or x-

component of the induced velocity reaches 0.24 m/s in this case, such that the z-

component is 4% in comparison. At z = 6 mm, end effects are captured showing an 

increase in the divergence values where the flow is expected to become three 

dimensional. Near the electrode edges, the divergence values are more than double 

that compared with the profile at z = 0 mm, reaching 60 s-1 in the wall jet region. The 

plasma induced flow is treated as two-dimensional with support from these analyses.  

 
 
Figure 4-23.  Divergence of velocity for device with 50-100-100 µm geometry and 10-

µm-thick silicon oxide dielectric, operated at 4 kVpp and 1 kHz. Divergence 
shown for profiles at z = 0 mm (through middle of actuator) and at z = 6 mm 
(near electrode edge).  

These assumptions are made to provide a mathematical representation to model 

and extract force information from the fluid data. They assume ideal conditions, though 

in reality the conditions of spatially and temporally constant pressure (and density) as 

well as the 2D flow assumption do not necessarily hold. As mentioned in section 

4.3.2.1, Enloe et al. (2006) reported a 2 % increase in the fluid density in the discharge 

region. The plasma induced force term arises from complex electrohydrodynamic (and 
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magnetic) interactions within the discharge, and the local pressure near the plasma 

region does not remain constant. In regions away from the discharge, which includes 

the majority of the flow field, the pressure gradient may be considered negligible for 

analysis. 

It should be noted that the dynamic viscosity and density terms are most likely not 

constant, at least inside of the plasma region. The viscosity term is used to estimate the 

spatial body force and also the shear loss along the actuator surface. Away from critical 

pressure and temperature, the viscosity is dependent on temperature, as inferred from 

Sutherland’s formula. However, Sutherland’s formula applies to an ideal gas, which may 

not be the case locally near the discharge. Based on the maximum observed increase 

in the surface temperature of the DBD actuators from infrared measurements 

(discussed in the Section 4.4), Sutherland’s formula was applied to estimate an upper 

bound for the viscosity term. An 8% increase was computed for the dynamic viscosity, 

leading to a 4.8% increase in the plasma body force values based on Equations 4-11 

and an 8% increase in shear force from Equation 4-10. The infrared measurements 

provide the actuator surface temperature which is not the same temperature as inside 

the plasma and surrounding fluid. These values are discussed to provide a general 

range of the uncertainty associated with the viscosity term. However, since plasma is 

not an ideal gas and the temperature of the fluid is unknown, these values are not used 

for error bars in the plasma body force data.  

4.4 Thermal Measurements 

The dielectric barrier material’s role is to sustain the discharge without breaking 

down. There are several causes of device failure, including sputtering/erosion of the 

dielectric due to areas of concentrated electric field, exceeding the dielectric’s electric 



 

86 

field strength, and excessive thermal heating due to poor thermal conductivity of the 

barrier material. Measurements of the actuator’s surface temperature are used to 

compare the performance of the different dielectric materials used as the barrier layer.  

Surface measurements are made using a FLIR A325 infrared camera and 

accompanying FLIR ExaminIR Max software. The camera has a 14-bit temperature 

resolution and a spatial resolution of 320 x 240 pixels, and operates in the far infrared 

spectrum (λ = 7.5 to 13 µm). The camera can be operated in either of two temperature 

ranges: -20 to 120 °C or 0 to 350 °C. The accuracy in measured temperatures is the 

larger of ±2 °C or ±2 %. The software is capable of capturing either single images or 

continuous recordings up to 30 frames per second.  

The emissivity of the surface that is being measured must be taken into account in 

order to accurately adjust for the material’s radiated energy. This affects the 

temperature measured by the infrared camera; in general, the more reflective a material 

is, the lower its emissivity value. A perfect black body would have an emissivity of 1 

(100% absorbance, 0% reflected radiation); all real materials have an emissivity 

between 0 and 1. In addition to emissivity, other parameters that must be taken into 

account for an accurate temperature reading include the atmospheric temperature and 

relative humidity, distance between the camera and object, and temperature of the 

camera optics. 

The emissivity of the dielectric material is computed using a hot plate and two 

surface thermocouples (type J). The dielectric is heated to a steady-state temperature 

and the two thermocouples are placed on the surface in close proximity. The 

thermocouples are read using a National Instruments thermocouple module (model 
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USB-9211). Within the FLIR thermal software, a point is chosen on the dielectric surface 

between the two thermocouples and the emissivity is adjusted until the camera value 

matches with the thermocouples. The resulting emissivity values are 0.95 ± 0.04 for 

polyimide 0.92 ± 0.05 for silicon dioxide. 

A thermal image of the actuator’s dielectric surface is shown in Figure 4-24. The 

image is the final frame recorded during the two minute long data acquisition for a 

device with 5-µm-thick SiO2 dielectric (50-100-1000 µm geometry, 2.5 kVpp at 1 kHz 

input).  

The convergence of the surface temperature is investigated in order to determine 

the length of time required for the actuator surface temperature to reach steady-state. 

Figure 4-25 shows the thermal evolution of two different actuators. The location at which 

the temperature is extracted is in the central region of the plasma discharge where the  

 
 
Figure 4-24.  Infrared image of dielectric surface temperature taken at t = 120 seconds. 

5 µm SiO2 dielectric, 50-100-1000 µm geometry, 2.5kVpp, 1kHz input.  

maximum temperatures are observed (region indicated by the data cursor in Figure 4-

24 above). In Figure 4-25A the actuator has a 1000-µm-wide ground electrode and is 

operated at 2.5 kVpp, while in Figure 4-25B the actuator has a 100-µm-wide ground 

electrode and is operated at 4 kVpp. All other geometries are equivalent between the 
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two actuators (50-µm-wide powered electrode, 100 µm gap, 5-µm-thick SiO2 dielectric 

layer, 1 kHz frequency). After ~ 80 seconds the dielectric temperature reaches a quasi-

steady state.  

A B 
 
Figure 4-25.  Evolution of the surface temperature of the DBD dielectric layer during two 

minutes of operation. Both devices have a 5-µm-thick silicon dioxide 
dielectric. The actuator is turned on at 5 seconds into the recording. A) 50-
100-1000 µm geometry with 2.5kVpp, 1kHz input. B) 50-100-100 µm 
geometry with 4kVpp, 1 kHz input. 
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CHAPTER 5 
EXPERIMENTAL RESULTS: POLYMER DIELECTRICS 

First generation devices have been fabricated using microfabrication techniques 

and successfully demonstrated their basic operation. The devices utilize a 10-µm thick 

dielectric material made from a low stress, high dielectric strength polyimide (HD 

MicroSystems PI-2611), having a relative permittivity of 2.9 (HD MicroSystems 2008). 

The ground electrode was allowed to extend up to 5 mm in order to test the effects of 

the device performance with varying electrode width. All of the devices have a 100 µm 

gap between the electrodes, while the anode and ground electrodes are varied in size. 

A sample of microscale DBD actuators used for these tests is shown in Figure 5-1. The 

devices were designed specifically for PIV measurement compatibility; the electrodes 

are extended to one side (upstream from the induced flow) such that they would not 

block any of the field of view of interest for the velocity measurements.   

 
 

Figure 5-1.  First generation of microscale DBD actuators designed for device testing 
and characterization. The nomenclature regarding the three numbers in the 
images indicates the exposed electrode width – electrode gap – and ground 
electrode width in microns, respectively. 

The following results are reported for devices primarily having 10-µm-thick 

polyimide dielectric barriers. However, for the direct thrust measurements reported here, 

another dielectric material, SU-8, is used in addition to the polyimide-based DBD 
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actuators. SU-8 was investigated for its ability to deposit thick layers that are also 

photodefinable. This boils down to a more simplified fabrication process: a single spin 

coat achieves a 20-µm-thick layer, and SU-8 does not require the dry etch step to 

expose the ground electrode contacts. The power, velocity, and force results are 

presented for polyimide, with the additional data from the SU-8 devices only reported in 

the force results using the torsional balance. 

5.1 Power Consumption 

For electrical measurements, the oscilloscope captures the voltage and current 

waveforms at a sampling rate of 100 MSa/sec (million samples per second).  The 

devices are excited at a frequency of 1 kHz with sinusoidal input voltage ranging from 1 

– 5 kVpp (peak-to-peak voltage amplitude). One million data samples are recorded 

providing a total of 10 periods of data. The waveforms are downloaded from the 

oscilloscope 10 consecutive times, providing a total of 100 periods over which the 

power is averaged using Equation 4-1. This computation provides the amount of real 

power that is consumed by the device (as opposed to the reactive power that is 

reflected back toward the supply at the actuator load).   

Figure 5-2 reveals the power consumed for microscale DBD devices with varying 

electrode widths operated with sinusoidal input at 1 kHz. Specifically the power per unit 

electrode length is plotted as a function of peak-to-peak voltage amplitude. The power 

consumption shows little dependency on the exposed electrode width. However, slight 

differences are observed for the grounded electrode width; a wider ground electrode 

slightly increases the power dissipation. The ability to dissipate power can be related to 

the area of the ground electrode. This was shown indirectly by Enloe et al. (2004b), 

where the maximum induced flow velocity was limited by the area of the grounded 
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electrode, but no longer increased above some saturation voltage (dependent on device 

geometry) when the ground electrode width was extended.   

 
 

Figure 5-2.  Average normalized power consumed for four microscale DBD device 
geometries plotted against applied voltage. The frequency is held constant at 
1 kHz in all cases. The nomenclature indicates the width of the powered / 
grounded electrode, respectively. 

The data in Figure 5-2 is fit with a power-law curve to examine the dependency of 

power on the applied voltage. The fit lines indicate the power scales exponentially with 

the voltage, with the exponent ranging from 3.1 to 3.5 in these data. This matches close 

with the exponential dependency observed for macroscale actuators for thin dielectrics, 

shown by Enloe et al. (2004a) as 3.5

acP V . Note that for devices with thick dielectric 

layers, the exponential dependency is observed as ( )n

ac oP V V  , where Vo is a 

threshold voltage and 2 < n < 3 (Jolibois and Moreau 2009). A ‘thick’ dielectric is 

considered to be at least 1 mm in these results.  
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The average power consumed (per unit length of electrode) reaches 20 W/m at 5 

kVpp and 1 kHz. In contrast, macroscale plasma devices often consume over 100 W/m 

or more at 25 kVpp (depending on geometry and frequency of operation). The 

microscale devices offer a substantial reduction in the power requirement; about an 

order of magnitude in this case.   

5.2 Velocity Data 

Throughout the PIV measurements, the actuators are operated using 5 kVpp input 

voltage at a frequency of 1 kHz. The goal of these experiments was to investigate the 

effect of geometric variations on the velocity, and to demonstrate the ability for 

microscale DBD actuators to induce a wall jet similar to that induced from macroscale 

actuators. Time-averaged PIV data is shown in Figure 5-3 for six different microscale 

DBD actuator geometries, indicating the microscale devices do in fact induce a wall jet 

similar in profile to those induced using macroscale actuators. In the left column, the 

powered electrode is 10-µm-wide, while the actuators in the right column have a 50-µm-

wide powered electrode. The ground electrode width varies with each column. The 

materials and dimensions of all other features (100 µm electrode gap, 10 µm polyimide 

dielectric) are the same as they were batch fabricated together on the same substrate. 

The induced flow show very similar flow profiles; however the device with the narrower 

exposed electrode results in consistently greater induced velocities. The maximum 

velocity from the actuators with the 10-µm-wide electrode (2.0 m/s) is nearly double that 

induced from the actuators with the 50-µm-wide electrode (1.1 m/s). This trend supports 

the findings of Hoskinson et al. (2008; 2010), who showed increased momentum 

transfer for narrower exposed electrodes by comparing electrodes made of various 

gauge wires. The induced flow is surprising strong, indicating maximum velocities of 2 



 

93 

m/s, which is on the order of the macroscale devices (Roth et al. 2000; Roth 2003; 

Enloe et al. 2004b; Pons et al. 2005; Roth and Dai 2006; Forte et al. 2007; Moreau 

2007; Abe et al. 2008; Jolibois and Moreau 2009; Thomas et al. 2009; Corke et al. 

2010; Neumann et al. 2013). 

 
 
Figure 5-3.  Velocity contour plots for microscale DBD actuators. A) Devices having 10 

µm powered electrode. B) Devices having 50 µm powered electrode. The 
ground electrode varies from top to bottom. All devices operated at 5 kVpp, 1 
kHz and have a 10-µm-thick polyimide dielectric. 

Velocity profiles are shown in Figure 5-4 to help compare the performance 

between the different actuator geometries. The profiles in Figure 5-4A correspond the 
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velocity contours in the left column of Figure 5-3, for actuators having a 10-µm-wide 

powered electrode. Similarly, the profiles in Figure 5-4B corresponds to the velocity 

contours shown in the right column in Figure 5-3, for the devices having a 50-µm-wide 

electrode. The induced velocity increases with the ground electrode size. This follows 

with the size of the discharge region as well, and as expected a larger plasma region 

provides a stronger fluidic impact. The thickness of the wall jet is approximately 1 mm 

for the three devices with a 10-µm-wide electrode, and slightly thicker for the three 

devices with a 50-µm-wide electrode geometry.  

A B 
 
Figure 5-4.  Velocity profiles of two microscale DBD actuator geometries having a 10-

µm-thick polyimide dielectric, taken at x = 3mm downstream. A) 10-µm-wide 
electrode. B) 50-µm-wide electrode. Input: 5 kVpp, 1 kHz. 

Velocity profiles are plotted in Figure 5-5 comparing devices with different top 

electrode sizes. In Figure 5-5A the actuators all have a 1-mm-wide ground, while in 

Figure 5-5B the actuators have a 500-µm-wide ground. Similar trends are observed 

here: the induced velocities are greatest when using larger ground electrodes and 

narrower top electrodes. The wall jet thickness is also about 1 mm for the devices with a 
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1-mm-wide ground electrode, and slightly thicker for the devices with a 5-mm-wide 

ground electrode.  

A B 
 
Figure 5-5.  Velocity profiles of two microscale DBD actuator geometries having a 10-

µm-thick polyimide dielectric, taken at x = 3mm downstream. A) 1000 µm 
wide ground electrode. B) 500 µm ground. Input: 5 kVpp, 1 kHz. 

Maximum velocity values are extracted from the PIV data and reported in Figure 5-

6 for several microscale DBD actuator geometries. These data indicate the maximum 

streamwise component of the induced velocity over the entire flow field. These plots are 

useful since the velocity profiles are extracted at a specific downstream location and 

may not capture the absolute max velocity. The blue circles correspond to the PIV data 

from the devices in the left column of Figure 5-3 having a 10-µm-wide top electrode, and 

the green squares correspond to the PIV data in the right column with a 50-µm-wide 

electrode. 

Notice in Figure 5-6 that the maximum velocity only slightly increases when the 

ground electrode size is extended from 1 mm to 5 mm. In this situation, the size of the 

plasma discharge region does not extend over the entire 5 mm ground electrode. There 

is a limit to how far the ground electrode can effectively increase the streamwise extent 
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of the discharge. This was also observed with macroscale DBD actuators as reported 

by Moreau (2007), where the maximum induced velocity plateaus when the ground 

electrode width reaches about 20 mm, corresponding to the limit of the streamwise 

plasma extent.  

 
 
Figure 5-6.  Plot of maximum velocity (x-component) as a function of ground electrode 

width for various top electrode geometries. Devices have 10-µm-thick 
polyimide, operated at 5 kVpp, 1 kHz. 

For anode sizes of 10 µm and 50 µm, the induced velocities reach ~2.0 m/s and 

1.1 m/s, respectively, for both 1 mm and 5 mm ground electrodes. The device with the 

larger ground (5 mm) extends the streamwise length over which the actuators can 

demonstrate fluidic impact. This may be attributed to the increase in power consumption 

for devices with wider ground electrodes. This is best observes using velocity profile 

data, which is presented in Figure 5-7. The velocity profiles are used to compare 

actuators with 1 mm vs. 5 mm grounds for both 10 µm and 50 µm top electrode sizes. In 

Figure 5-7A, the profiles are extracted at x = 2 mm, through the core of the induced wall 

jet. It is shown that the profiles are nearly identical between the 1mm and 5 mm ground 

electrodes in this region near close to the discharge region. However, at 10 mm 
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downstream there are differences in the induced velocity profiles (Figure 5-7B). The 

effect of the larger ground electrode is observed downstream, as the actuator with 

larger ground geometry indicates stronger fluidic impact. 

A B 
 
Figure 5-7.  Velocity profiles for two microscale DBD actuators having a 10-µm-thick 

polyimide dielectric. Comparing 1 mm and 5 mm ground electrodes. Input: 5 
kVpp, 1 kHz. A) At x = 2 mm downstream. B) At x = 10 mm downstream.  

To validate the results of the PIV data, pressure measurements were made 5 mm 

downstream from the exposed electrode using a stagnation probe. The horizontal 

component of the induced velocity is computed from the differential pressure using 

Equation 4-2. The first measurement is made with the probe just touching the surface of 

the substrate. The center of the probe diameter is 0.75 mm from the bottom of the 

probe, which limits the near-wall resolution that can be measured. Each additional 

measurement is shifted vertically by 0.25 mm using the motorized traverse for precision 

increments. Figure 5-8 compares the results from the pressure-based velocity 

measurements with an extracted profile of the PIV data at the same downstream 

location (x = 5 mm). The stagnation probe measurements show good agreement with 

the PIV data, with slight discrepancy in the vertical location. The maximum velocity at 
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this downstream location match well between data, indicating 0.8 m/s, and both data 

show similar flow profiles. At ~3 mm above the actuator surface the horizontal velocity 

component is reduced to nearly zero velocity. The offset between the PIV and 

stagnation probe data is likely attributed to the 1 mm diameter over which the pressure 

measurement is averaged. Error in the initial manual alignment of the probe may also 

contribute to the offset in the vertical location of the data points.   

A 

B 
 
Figure 5-8.  Pressure-based velocity measurement. A) Stagnation probe measurements 

at x = 5 mm downstream compared with extracted PIV profile for a DBD 
actuator with 10 µm wide powered electrode and 1 mm grounded electrode. 
B) PIV data shown indicating the downstream location of the extracted profile. 

The transducer used to measure the differential pressure has resolution of 0.01 

Pa. From Equation 4-2, this corresponds to a minimum detectable velocity of 0.13 m/s 

(for ρ = 1.18 kg/m3). For devices operated at lower voltages or with smaller geometries, 

the induced velocities can be well below 0.1 m/s. Hence the pressure-based velocity 

measurement is no longer feasible. It does provide, however, confidence in the PIV 

measurements. 
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5.3 Thrust and Plasma Force Results 

Results from both direct and indirect force measurements are presented in this 

section. Recall from section 4.3.1.1, for the direct thrust measurement, an optical 

displacement sensor is used to measure the angular displacement of a torsion balance. 

The thrust acts in opposition to two torsion springs causing the displacement of the 

torsion beam. Thrust is then computed using the balance’s spring constant. In addition, 

the thrust and plasma body force is extracted from PIV measurements in order to 

compare with the direct force measurements.  

5.3.1 Direct Thrust Measurements 

Measurements from the torsional balance are reported in this section. Calibration 

is performed before and after each actuator is tested in order to verify the spring 

constant of the system with the device in situ. As mentioned in the introduction to this 

chapter, actuators with two different dielectric materials are used in these tests. One set 

of microscale DBD actuators uses a 10-µm-thick polyimide dielectric, while the other set 

uses a 20-µm-thick SU-8 polymer layer. From the direct thrust tests, the actuator’s 

thrust is measured in opposition to the plasma force. Shear losses due to friction along 

the surface of the actuator are inherently captured in the direct thrust measurement. 

Therefore, the plasma body force cannot be retrieved from these tests.  

Measurements from the torsion balance are plotted in Figure 5-9. These data 

correspond to a device with 10-100-1000 µm geometry and has a 20-µm-thick SU-8 

dielectric barrier. The plots show the optically measured displacement as a function of 

time for several input voltages. Each voltage is applied for approximately 10 seconds 

before the actuator is switched off for an additional 10 seconds.  
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Figure 5-9.  Displacement measurements from the torsional balance for a microscale 

DBD actuator having a 20-µm-thick SU-8 dielectric. The voltages and 
corresponding thrust force are indicated for each discharge cycle. 

The displacement data is measured for several microscale DBD actuators with 

both polyimide and SU-8 dielectric materials. The thrust is then computed from the 

angular displacement values according to Equation 4-3. The thrust data is presented in 

Figure 5-10 for actuators with both dielectric materials and two geometries. The devices 

have either 10 µm polyimide or 20 µm SU-8, and a 10 µm or 1 mm ground electrode. 

These devices all have a 10-µm-wide powered electrode and 100-µm-wide electrode 

gap. The observed trends are as expected, in which devices with 1-mm-wide ground 

electrodes produce more thrust at a given voltage than those with 10-µm-wide ground 

electrodes. In addition, the devices with polyimide dielectric (blue data) show 

consistently larger thrust values than from the devices with SU-8 (red data).  
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Figure 5-10.  Thrust values measured for four microscale DBD actuators. Two device 

geometries (10 µm and 1 mm ground widths) and two dielectric materials (10 
µm polyimide and 20 µm SU-8) are compared.  

Similar to the power dependency with applied voltage, the thrust follows a similar 

power relationship with the input voltage. Error bars are shown in the thrust data based 

on an analysis performed to estimate the uncertainty in the thrust measurement from 

the torsional balance. The error bars are significant is size due to conservative values 

chosen in the uncertainty analysis, specifically regarding the mass inertia of the balance 

which is used to compute the spring constant (Equation 4-4). The thrust also shows a 

power dependency upon input voltage. For the polyimide actuators, α = 6.5 and 3.4 for 

the larger and smaller geometries, respectively; for the devices with SU-8 dielectric, α = 

3.5 and 2.2 for the larger and smaller geometry, respectively.  These data show similar, 

larger and smaller exponential dependencies on input voltage as compared with 

macroscale DBD actuators, with variations based upon both geometry and actuator 

material.  
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5.3.2 Velocity-based Force Measurements 

Following the methods described in section 4.3.2, the thrust and plasma body 

force terms are extracted from PIV data and reported in this section. The PIV results 

reported in Section 5.2 are used for this analysis, which were operated at 5 kVpp and 1 

kHz. First, the x- and y-components of thrust force are presented in Figure 5-11. The 

blue circles and green squares correspond to the devices with 10-µm-wide and 50-µm-

wide top electrodes, respectively. The thrust is plotted as a function of the ground 

electrode geometry. Parallel thrust values reach up to 3.5 mN/m, corresponding to the 

device with the largest ground electrode and most narrow anode. The wall-normal thrust 

(y-component) reaches 0.7 mN/m, about 20% of the primary thrust component. The 

thrust data follows the same geometrical trends as observed for the induced velocity 

values: a large ground electrode and narrow anode provide the best performance.  

A B 
 
Figure 5-11.  Thrust values computed based on the control volume analysis for devices 

with 10 µm polyimide dielectric. A) x-component. B) y-component. 

The plasma body force was also of interest in order to compare with the body 

force predicted in numerical works. Recall that the plasma force is estimated by 

integrating the spatial body force and also from a control volume analysis including the 
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shear force. The x- and y-component of the plasma force results are plotted in Figure 5-

12 for both methods. There is significant difference in the values as computed from the 

two methods, specifically for the data corresponding to the actuators having a 10 µm top 

electrode as the ground geometries increase. This is observed for both components of 

the plasma body force. The values match closer between the three devices having 50 

µm electrode geometry. Furthermore, from these data there is not consistency between 

which method provides larger or smaller force values. The three devices with 10-µm-

wide anodes consistently show larger plasma force from the CV analysis, while for the 

devices with 50-µm-wide top electrodes the integrated spatial body force provides larger 

values.  

A B 
 
Figure 5-12.  Plasma force computed from the spatial body force estimation for devices 

with 10 µm polyimide dielectric. A) x-component. B) y-component. 

Using both methods provides a reasonable estimate of the plasma force; however 

the method of integrating the spatial body force is believed to provide a better plasma 

force estimate. The argument for this is based on the thrust as it varies dependent upon 

the location of the downstream boundary chosen for the CV analysis.  As shown by 

Durscher and Roy (2012), if the downstream boundary of the control volume is chosen 
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close to the discharge region, the thrust values are significantly larger than if the 

boundary is chosen downstream where the induced flow is diffused. Similarly, 

Hoskinson et al. (2008) reported that the force predicted using a control volume analysis 

was reduced by as much as 47% when the downstream location of the CV boundary 

was doubled from 8 mm to 16 mm downstream. These smaller force values provided 

much better agreement between their control volume analysis results and the direct 

force measurements. Incorporating the full downstream region where the flow acts 

allows a larger region for frictional losses to occur. These losses are significant in both 

microscale and macroscale DBD actuators. 

Integrating the spatial body force over the entire flow field incorporates all of the 

data from the induced flow in order to compute the plasma force. In opposition, the 

control volume analysis only uses data at the boundaries of the CV. If, for example, the 

downstream boundary is chosen very far away from the actuator (approaching infinity), 

the amount of force computed at that boundary will approach zero. The downstream 

boundary of the CV must be carefully chosen to capture the induced flow before it 

completely diffuses, but substantially downstream such that the thrust is not grossly 

over predicted. Integrating the spatial body force is not as sensitive to the downstream 

boundary for the integrated flow field: if the downstream boundary is far from the 

actuator it does not reduce the plasma force since the data in the region of the induced 

wall jet is still included in the integration. Including the entire flow field in the plasma 

force estimate is believe to provide a more accurate estimation since fluid events at all 

points in the flow field contribute to the plasma net body force.  
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A comparison of thrust measurements is also warranted between the torsional 

balance and CV analysis. The device used for this comparison has 10-100-1000 µm 

geometry and a 10-µm-thick polyimide dielectric barrier. The measured thrust from the 

torsional balance reached 3 mN/m at 5 kVpp, 1 kHz input. The CV-based estimate of 

the thrust from PIV data was 3.5 mN/m for the same actuator and input parameters. 

There is reasonable agreement in the parallel thrust component between the direct 

force measurement and control volume analysis.  

A few points should be noted regarding the plasma force as computed using the 

CV analysis. In this method the shear force is computed in order to reconstruct the net 

body force. The near-wall region of the flow field is important to resolve in order to 

correctly estimate the shear force, providing a challenging measurement. In addition, 

the cross-correlation analysis used in post-processing the PIV data suffers most in 

accuracy at any boundary. This is due to there being fewer particles to correlate with at 

a boundary since there is no fluid inside of these physical boundaries. For example, at 

the bottom wall, there are no seed particles below the wall surface that can be used to 

correlate with. Furthermore, the substrate upon which the microscale DBD actuators are 

built has a non-level surface. There is a slight bow to the wafer that is induced from 

several thermal cycles that are performed during the fabrication process. The non-level 

substrate adds further uncertainty to the accuracy of the first row of velocity data which 

can affect the value of the net shear force. Hence, it is useful to also compute the 

plasma force from the method of integrating the spatial body force for comparison with 

the CV analysis.  
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5.4 Thermal Results 

Thermal measurements of the dielectric surface temperature are reported in this 

section. In these experiments, two minutes of data were recorded for each test case at 

a frame rate of 2 Hz, providing a total of 240 frames. The actuator is kept at a distance 

of 0.254 meters (10 inches) from the infrared camera. The discharge is turned on after 5 

seconds (about the 10th frame) and the evolution of the surface temperature is 

recorded.  

These measurements were taken for three actuator geometries, all having 10-µm-

thick polyimide for the dielectric barrier. The average surface temperature is plotted in 

Figures 5-13. Devices with polyimide dielectric material showed a slight temperature 

increase: ΔT = 14 °C for the larger geometry and ΔT = 2 °C for the smallest geometry. 

The overall surface temperature reaches just 38 °C (largest device geometry) and does 

not exceed 30 °C for either of the smaller devices. The surface temperature of the 

dielectric shows a consistent trend with the device geometry, with larger geometries 

reaching higher temperatures. The extent of the plasma region is at least 10 times 

larger for the actuator with the 1000 µm ground electrode compared with the smaller 

device geometries.  

The surface temperature was investigated as whether it is the cause of dielectric 

breakdown when the actuator fails. Soda lime glass, the substrate material, has a glass 

transition temperature above 500 °C. PI-2611 polyimide has a glass transition 

temperature of 360°C (HD MicroSystems 2008). Hence, with surface temperatures 

reaching just 38 °C, local surface heating is ruled out as the primary cause of dielectric 

breakdown. Further investigation is required to determine the primary cause of actuator 

failure. 
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Figure 5-13.  Average temperature increase plotted against applied voltage for devices 

with different electrode geometries. Actuators have a 10-µm-thick polyimide 
dielectric layer. 

5.5 Failure Analysis 

These first generation microscale DBD actuators revealed a short lifetime of 

operation before they failed. Breakdown of the dielectric material occurred within a few 

minutes of operation, and sometimes within just seconds of initiating discharge. In order 

to get the maximum performance from these devices, they were test at relatively high 

voltage levels since they did not generally last long enough to test at several voltages. 

For example, polyimide has a dielectric strength of at least 2 MV/cm (HD MicroSystems 

2008), which corresponds to 2 kV (4 kVpp) for a thickness of 10 µm. Correspondingly, 

the devices with polyimide were operated at 5 kVpp in most of these tests. Using lower 

voltages slightly increased the device lifetime before failure, however the performance 

(induced velocity and thrust) significantly diminishes with reduced input voltages. In 

addition, the actuators still failed after a few minutes of operation when lower voltages 

were used.  
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A visual investigation was performed regarding the cause of device failure, since 

the results of the surface temperature tests suggest that local heating of the polyimide is 

not a primary contributing factor. Both optical and scanning electron microscope (SEM) 

images were used to analyze the dielectric topology. Regions of polyimide are 

examined from actuators that were and were not operated, and also regions where 

failure has occurred.  

A progression of the general failure investigation is illustrated in Figure 5-14. 

Optical images of the actuator before and after failure are shown in Figures 5-14A and 

5-14B, respectively. Figure 5-14C provides an SEM image of the device surface in the 

region where the discharge has occurred, with a red box highlighting the location where 

the actuator ‘burned out’. There is noticeable erosion of the polyimide, especially near 

the front edge of the anode from where the discharge originates. This erosion is due to 

the collisional processes that sustain the discharge, which constantly bombard the 

dielectric surface causing material to sputter from the surface. Eventually, the polymer 

develops ‘pits’ or regions of deep erosion, and shortly after one of these regions 

punches entirely through the dielectric, creating a low resistance path for current to 

travel. The failed region is magnified in Figure 5-14D; the polymer around the point of 

failure becomes charred due to the increase in current which occurs almost instantly 

after the barrier fails.  

The topology of the polyimide was examined in downstream regions further away 

from the edge of the anode. An SEM image of a microscale DBD actuator that has been 

operated is presented in Figure 5-15A. The anode is shown horizontally across the 

image, with the downstream direction toward the bottom of the image. The highlighted  
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A  B 

C  D 
 
Figure 5-14.  Polyimide failure analysis. A-B) Optical images of device during operation 

and after filure. C) SEM image of faied device, burn-out region highlighted 
with red box. D) Close-up SEM image of burn-out region at front edge of the 
powered electrode. 

regions in Figure 5-15A correspond to the approximate locations of the images shown in 

Figures 5-15B-E, moving further downstream with each successive image. Observe that 

the density of these markings as well as their apparent depth is greatest near the 

anode, and diminishes downstream. Away from the discharge region, the surface of the 

polyimide looks fairly clean of markings and uniform in color (Figure 5-15E). It is 

believed these markings are a result of erosion due to sputtering of the dielectric from 

ion bombardment resulting from the collisional processes that sustains the plasma 

discharge.  

A second analysis was performed using an optical microscope for comparison. 

Neighboring DBD actuators from the same substrate are used to compare devices that  

Burn out location
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Figure 5-15.  SEM Images of polyimide dielectric surface after discharge. A) View of 

powered electrode (horizontal near top of image), the area below the powered 
electrode is the primary region of discharge. The four colored boxes estimate 
the locations of images B-E), starting near the electrode edge and moving 
downstream.  

were operated to devices that were never operated at all. Figure 5-16A shows the 

region where the actuator failed (between the two electrodes), while Figure 15-6B 

shows a region of polyimide near the edge of the ground electrode. In both figures there 

are clear markings on the surface of the dielectric corresponding to the region where the 

discharge is sustained. Figure 15-6C shows the neighbor DBD actuator that has never 

been excited for plasma discharge. The polyimide is clean, clearly indicating the 

markings on the surface were made during to the discharge process. 

In addition to dielectric breakdown, the electrode material is subject to erosion 

due to the same sputtering process that erodes the dielectric surface. Figure 5-17A 

shows optical images of a microscale DBD actuator in which the anode has sputtered  

away from the dielectric surface. A close up view of the sputtered anode region is 

shown in Figure 5-17B; a faint outline of the electrode is left from where it has detached.  
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Figure 5-16.  Optical inspection of DBD actutaors at 10x magnification. A-B) Markings in 

polymer dielectric visible aroundpowered electrode after discharge. C) 
Unused devices have clean polymer surface. 

In Figure 5-17C a region of the powered electrode is further magnified and pieces of re-

deposited metal can be observed on the dielectric surface. Recall from section 3.3, 

sputtering of the electrode material was also reported by Ono et al. (2000).  

 
 
Figure 5-17.  Failed microscale DBD actuator due to sputtering of the metal electrode 

from the polyimide surface.  
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CHAPTER 6 
EXPERIMENTAL RESULTS: CERAMIC DIELECTRICS 

Results are presented in this chapter for the actuators having silicon dioxide for 

the dielectric barrier. Changing the dielectric material from polymer to ceramic improved 

the lifetime of the microscale actuators significantly. This reduced the possibility of 

devices failing during the experiment and enabled testing to be conducted over much 

wider ranges of voltages or frequencies. Two dielectric thicknesses (5 µm and 10 µm) 

and four actuator geometries are focused upon in these tests; all having a 50-µm-wide 

anode and 100-µm-wide electrode separation. The four geometries vary in the ground 

electrode widths: 50 µm, 100 µm, 500 µm and 1000 µm. Using these geometries, the 

streamwise size of the microscale DBD actuators range from 200 µm to 1.15 mm. 

6.1 Power Consumption 

Average power data is plotted in Figure 6-1 for devices with a 5-µm-thick silicon 

dioxide dielectric layer. The devices are operated at 1 kHz frequency in these tests. The 

smaller two device geometries (50 µm and 100 µm ground electrodes) show very little 

consumed power, partly due to their geometry confining the downstream extent of 

discharge. For these geometries, the devices consume less than 3 W/m of power at 4 

kVpp input voltage. For the larger geometry devices (500 µm and 1 mm ground 

electrodes), significantly more power is consumed, as the plasma region is 5x – 10x 

larger in area as compared with the small geometries. At 4 kVpp, the largest device 

dissipated 28 W/m on average, while the device with a 500-µm-wide ground dissipated 

15 W/m on average. The average power data is fitted using a power fit of the form

avgP cV  . For thin dielectric layers (1 mm), the exponent α is approximately 3.5 as 

reported for macroscale DBD actuators (Enloe et al. 2004a), and is consistently greater 
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than 2. For the microscale data in figure 6-1, the values of α, from largest to smallest 

geometry, are found to be 3.1, 2.9, 2.3 and 1.5. The larger two device geometries follow 

close to the trend observed with macroscale DBD actuators; however the smaller two 

actuator geometries show values closer to 2. 

 
 
Figure 6-1.  Average power consumed plotted against input voltage for devices with 5-

µm-thick silicon dioxide dielectric layer. Four different device geometries are 
shown. 

Figure 6-2 reports power data for devices with a 10-µm-thick silicon dioxide 

dielectric layer. At 7 kVpp, the largest device dissipated 41 W/m on average, while the 

device with a 500-µm-wide ground dissipated 20 W/m on average. At 5 kVpp, the 

device with 1000 µm ground geometry consumed 19.4 W/m. The values of α, from 

largest to smallest geometry, are found to be 2.3, 1.8, 1.8 and 2.3 for these data. These 

values are lower than that observed with macroscale DBD actuators, indicating that 

these ultra-thin dielectrics allows the discharge / induced flow to be generated at a 

reduced cost in power. Compared with the first generation devices with 10-µm-thick 

polymer dielectric (Section 5.1), of which the largest similar geometry consumed an 
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average power of 20 W/m at 5 kVpp and 1 kHz, the actuators with silicon dioxide show 

similar power consumption.  

 
 
Figure 6-2.  Average power consumed plotted against input voltage for devices with 10-

µm-thick silicon dioxide dielectric layer. Four different device geometries are 
shown. 

Comparing the power between the 5 µm and 10 µm silicon dioxide dielectric 

devices, nearly twice the power is dissipated from the devices with 5-µm-thick SiO2 at a 

given input voltage. At 4 kVpp, devices with 10 µm SiO2 consumed 12.5 W/m as 

compared to 28.5 W/m consumed for the devices with 5 µm SiO2. Similarly, the 500 µm 

geometry device consumed 8.2 W/m and 14.8 W/m at 4 kVpp for the 10-µm and 5-µm-

thick dielectrics, respectively. This increase is due to the electric field having larger 

magnitude across the thinner dielectric. The maximum input voltage is limited by the 

dielectric strength of the SiO2 layer. At 1 kHz, the actuators with 5-µm-thick dielectric 

were able to withstand up to 4 kVpp, while the actuators with 10-µm-thick dielectric 

could operate up to 7 kVpp.  
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6.2 Velocity Data 

The velocities induced from the microscale DBD actuators span a range from less 

than 0.1 m/s to over 1 m/s. Figures 6-3 and 6-4 show velocity profiles for each of the 

four geometries for devices with 5-µm and 10-µm-thick silicon dioxide dielectric layer, 

taken at x = 3 mm. These plots illustrate the relative growth in the velocity with 

increasing input voltage (frequency kept at 1 kHz). Starting with the devices having 5 

µm dielectric (Figure 6-3), at low voltages (2.0 – 2.5 kVpp range) the plasma is able to 

induce velocities which are less than 0.1 m/s. Here the fluidic impact is rather weak; 

instead of a downstream directed wall jet, the plasma is only able to very locally interact 

with the fluid. The flow filed in this case shows a small downstream effect; just 

downstream from the plasma region the fluid is no longer attached to the wall but 

instead begins to separate from the wall and recirculate above the actuator surface. 

With increasing voltage the plasma region is able to impart more momentum into the 

fluid, creating the characteristic wall jet that is similar to the macroscale actuators. 

Increasing the input voltage provides a corresponding increase in the induced wall jet 

velocity, with larger device geometries inducing greater velocities. 

Comparing similar geometries with different dielectric thickness, the induced 

velocities are in close agreement. At 4 kVpp, the 1000 µm ground geometry shows 0.45 

m/s for both dielectrics. Similar agreement is indicated for devices with 500 µm and 100 

µm geometries, with slightly higher velocity produced for the device with the 5-µm-thick 

dielectric. The actuator with a 1-mm-wide ground electrode creates velocities up to 1.5 

m/s when operated at 7 kVpp for the 10 µm dielectric case (Figure 6-4). While the 

smallest device, having a 50-µm-wide ground, shows a maximum velocity as low as 

0.04 m/s when operated at 2 kVpp, and reaches up to 0.41 m/s at 7 kVpp. The  
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Figure 6-3.  Velocity profiles of four microscale DBD actuator geometries having a 5-

µm-thick dielectric layer, taken at x = 3mm downstream. Input voltage varies 
from 2 – 4 kVpp, 1 kHz frequency. A) 1000 µm wide ground electrode. B) 500 
µm ground. C) 100 µm ground. D) 50 µm ground.  

geometry, specifically the width of the ground electrode, governs the extent of the 

plasma discharge region. Larger actuators provide greater regions of discharge which 

in-turn are able to impart more momentum into the surrounding fluid. 

The thickness of the wall jet can also be inferred from the velocity profile data. The 

geometry of the DBD actuator affects the height of the fluid jet as well as the velocity, 

but to a lesser extent. The wall jet thickness is generally around 2 mm, but varies up to 

~3 mm for smaller geometries at lower input voltages. The larger devices, providing the  
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Figure 6-4.  Velocity profiles of four microscale DBD actuator geometries having a 10-

µm-thick dielectric layer, taken at x = 3mm downstream. Input voltage varies 
from 2 – 7 kVpp, at 1 kHz frequency. A) 1000 µm wide ground electrode. B) 
500 µm ground. C) 100 µm ground. D) 50 µm ground.  

strongest momentum coupling between the plasma discharge and surrounding air, 

create thinner and longer wall jet regions as compared with smaller device geometries. 

Another useful way to plot the velocity data is to plot the absolute maximum x-

component of velocity as shown in Figure 6-5. This is similar to looking at the maximum 

velocity from each of the velocity profile plots in Figures 6-3 and 6-4 (above), but 

accounts for all x locations while the velocity profiles are extracted at a specific 
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downstream location (x = 3 mm). It also provides a clear visual interpretation of the max 

velocity trend with voltage. Similar to the power consumption, the maximum induced 

velocity follows a power law with input voltage, with 3.5

max ppv V . In these data the values 

of α, from largest to smallest geometry, are found to be 4.3, 2.8, 1.8 and 1.8 for the 

devices with 5-µm-thick SiO2, and 3.2, 2.4, 1.9 and 1.7 for the devices with 10-µm-thick 

SiO2. The power dependency of microscale DBD actuators demonstrate values both 

similar to and below that observed in macroscale actuators.   

A B 
 
Figure 6-5.  Plot of maximum velocity (x-component) as a function of voltage input for 

various microscale DBD actuator geometries. A) Devices with 5-µm-thick 
SiO2 dielectric. B) Devices with 10-µm–thick SiO2 dielectric. 

A third way to analyze the velocity data is to examine the entire flow field. Figure 

6-6 plots velocity contours of two device geometries for voltages ranging from 3 – 7 

kVpp at 1 kHz frequency. The left column corresponds to a device with a 100 µm 

ground electrode and the right column for a device with a 1000 µm ground, and both 

having 10-µm-thick dielectric barriers. Starting with the larger geometry shown in the 

right column, with increasing voltage the induced wall jet becomes thinner and has more 

downstream effect. From 2.5 to about 4 kVpp, the induced velocity is fairly weak (< 1 

m/s) and the flow begins to dissipate away from the wall by ~ 10 mm downstream. For  
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Figure 6-6.  Velocity contour plots for microscale DBD actuator having 100 µm ground 

(left column) and 1000 µm ground (right column). For better clarity, the 
contours have independent scaling as indicated below each column. 

these voltages, the y-location of the max velocity value is above 1 mm from the surface. 

At voltages of 4.5 kVpp and above, the induced velocity resembles the characteristic 
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wall jet produced by macroscale actuators. The location of the max velocity value is 

consistently at y = 0.86 mm, and varies in x-location from 1.5 – 1.7 mm, occurring just  

past the downstream extent of the discharge. The velocity reaches 1 m/s when the 

voltage is   5 kVpp for this device geometry.  

In the left column of Figure 6-6, for the device with a 100 µm wide ground 

electrode, the induced velocities reach 0.48 m/s at 7 kVpp, and just 0.05 m/s at 2 kVpp. 

From 2 – 4 kVpp the induced velocity begins to dissipate by ~ 10 mm downstream, 

similar to the larger geometry. Between 4 – 5 kVpp the velocity transitions into a wall jet 

with a more narrow and traditional profile. For these voltages, the y-location of the max 

velocity is between 1.4 – 1.6 mm, and the x-location of the max velocity is pushed 

further downstream, between 5 – 6.5 mm. Even though the velocity values are relatively 

small, their fluidic effect extends over 25 mm downstream. The total width of the device 

geometry in the streamwise direction is only 0.25 mm (top electrode width, gap, and 

ground electrode width); showing that the reduced size actuator can have significant 

downstream fluid effects, especially for its size. 

The dependence of the induced velocity on the input frequency was also 

investigated. The device tested in this experiment had 100 µm ground geometry and a 

10-µm-thick silicon dioxide dielectric layer. The input voltage was held constant at 4 

kVpp while the frequency was varied from 100 Hz up to 20 kHz. This range covers two 

orders of magnitude for the applied frequency, which corresponds to the range of 

frequencies that are possible with our lab equipment. 

The velocity profiles are plotted in Figure 6-7A for the range of frequencies from 

100 Hz to 20 kHz. The results are similar in trend with that observed from varying the 
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voltage input: with higher frequency there is greater induced velocity, but to a lesser 

extent. Figure 6-7B plots the maximum induced velocity as a function of the input 

frequency. Both axes are plotted in logarithmic scale; here, the slope of the fit line (α = 

0.54) indicates the power law relationship between the induced velocity and signal 

frequency. 

A    B 
 
Figure 6-7.  Frequency dependency of microscale DBD actuators. A) Velocity profiles 

plotted for various frequencies, taken at x = 3 mm downstream; device input 
voltage held constant at 4.0 kVpp. B) Maximum x-component of velocity vs. 
frequency, plotted with logarithmic axes. 

6.3 Thrust and Plasma Force Results 

In this section, data is reported for the extracted thrusts and net plasma body 

forces. Starting with the thinner dielectric case, the x- and y-components of the thrust 

are plotted in Figure 6-8 for devices with 5 µm SiO2. These devices indicate streamwise 

(x-component) thrust values up to 0.20 mN/m and wall normal (y-component) values 

reaching just 0.05 mN/m. The streamwise thrust component is on average about four 

times that of the wall normal component. The actuators with 50 and 100 µm ground 

electrodes show similar thrust values for both x- and y-components. For these two 

geometries, the downstream extent of the plasma is 150 µm and 200 µm, respectively 
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(including the 100 µm gap between electrodes as well as the ground electrode width). 

There is little difference in the induced velocities and thrust forces for these geometries. 

For these data the values of α, from largest to smallest geometry, are found to be 5.2, 

6.3, 5.8 and 4.5. The power dependency of microscale DBD actuator thrust 

demonstrates values larger that observed in macroscale actuators (α ≈ 3.5). The y-

component of thrust is typically an order of magnitude lower than the x-component, 

although demonstrates a similar power dependency.  

A B 
 
Figure 6-8.  Thrust values computed based on the control volume analysis for devices 

with 5 µm SiO2 dielectric. A) x-component. B) y-component. 

The net plasma force acting on the fluid is shown in Figure 6-9. This data is 

computed by integrating the spatial body force at all points within the two-dimensional 

flow field. The streamwise plasma force reaches 0.35 mN/m while the y-component 

reaches 0.05 mN/m. The y-components of the plasma force match fairly well with the y-

component from the thrust data. In contrast, the plasma force shows significantly larger 

values for the x-component as compared with the thrust. The difference in these values 

is due to the loss of momentum along the actuator’s surface. For the x-component of 
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the plasma force the values of α, from largest to smallest geometry, are found to be 5.5, 

5.1, 4.8 and 3.3.  

 A B 
 
Figure 6-9.  Plasma force computed from the spatial body force estimation for devices 

with 5 µm SiO2 dielectric. A) x-component. B) y-component. 

Similar results are reported next for the devices having a 10-µm-thick SiO2 

dielectric barrier. Thrust values reach 1.4 mN/m in the streamwise direction and 0.3 

mN/m in the wall-normal direction for the largest device geometry (Figure 6-10). These 

devices are able to sustain plasma at higher voltages compared with the devices having 

a thinner dielectric layer, enabling higher forces to be achieved due to the power law 

relationship of the thrust upon the input voltage. For the x-component of thrust the 

values of α, from largest to smallest geometry, are found to be 4.9, 3.7, 3.6 and 5.6. 

These values demonstrate a stronger dependency on the thrust with input voltage 

compared with macroscale DBD actuators.  

The plasma force is also plotted for the devices having 10 µm SiO2 in Figure 6-11. 

Here, the plasma force reaches 2.3 mN/m for the largest actuator geometry at 7 kVpp. 

The device having 50 µm ground geometry produces a plasma force of 0.22 mN/m at 7 

kVpp, indicating a range of force values spanning an order of magnitude. The wall- 
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A B 
 
Figure 6-10.  Thrust values computed based on the control volume analysis for devices 

with 10 µm SiO2 dielectric. A) x-component. B) y-component. 

normal or y-component of the plasma force reaches up to 0.13 mN/m, and as low as 

0.05 mN/m at 7 kVpp. For the x-component of the plasma force the values of α, from 

largest to smallest geometry, are found to be 4.4, 3.4, 3.4 and 3.8. 

Similar to the data from the actuators with 5-µm-thick dielectric, the plasma force 

values are consistently larger than the thrust values. Recall from Equation 4-9A, the 

shear force may be estimated by integrating the viscous shear component. Adding the  

A B 
 
Figure 6-11.  Plasma force computed from the spatial body force estimation for devices 

with 10 µm SiO2 dielectric. A) x-component. B) y-component. 
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net shear force to the thrust enables a method to estimate the plasma body force.  

Figure 6-12 plots the plasma force from integrating the spatial body force for 

comparison with the thrust while including the additional shear force. There is reasonble 

agreement between these two methods of computing the plasma force. Two of the four 

actuator geometries are shown for clarity (1000 µm and 100 µm ground electrodes) for 

the two dielectric thicknesses investigated. The device with 100 µm geometry shows 

nearly equal values between the two methods, while the values vary more for the larger 

geometry. 

Thrust values are plotted in Figure 6-13 over the range of frequencies investigated 

for the device with 100 µm ground geometry and a 10-µm-thick dielectric layer. At 100 

Hz the parallel thrust value indicates 0.005 mN/m as the maximum velocity at this 

electrical input (4 kVpp, 100 Hz) reaches just 0.04 m/s. At 1 kHz, the thrust computed is 

0.05 mN/m and by 20 kHz the thrust reaches 0.50 mN/m. Here the frequency and 

corresponding thrust values both cover two orders of magnitude. The trend of 

increasing thrust with frequency is apparent from these plots, however the dependency  

A B 
 
Figure 6-12.  Comparison between control volume estimation and direct integration of 

spatial body force. A) 5 µm SiO2. B) 10 µm SiO2. 
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of both velocity and force values are largest with respect to increasing input voltage. 

The power fit in Figure 6-12 indicates α value of 1.05 for the frequency dependency of 

microscale DBD actuators, quite similar to the value of 1.1 observed for macroscale 

actuators.  

A B 
 
Figure 6-13.  Streamwise thrust component plotted against frequency for devices with 

100 µm ground geometry and 10 µm SiO2 dielectric, operated at 4.0 kVpp. A) 
Linear scale. B) Log scale. 

6.4 Thermal Results 

The thermal properties of the silicon dioxide actuators were also investigated 

(Figure 6-14). They show a significant temperature increase for the devices having 500 

and 1000-µm-wide ground electrodes (ΔT = 32 °C), but very little increase for the 

devices having 50 and 100-µm-wide electrodes (ΔT = 5 °C). These devices with silicon 

dioxide dielectric show larger overall surface temperatures (up to 58 °C) compared with 

the actuators with polyimide dielectric (Figure 5-13). However, at a given voltage, the 

electric field is larger across the devices with silicon dioxide since the dielectric layer is 

half as thick as the polyimide layer. More energy is dissipated across the thinner 

devices (higher average power consumed) which contributes to the larger temperatures 

observed. 
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Figure 6-14.  Average temperature increase plotted against applied voltage for devices 

with different electrode geometries. Actuators have a 5-µm-thick silicon oxide 
dielectric layer. 
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CHAPTER 7 
CHARACTERIZATION METRICS AND COMPARISON WITH MACROSCALE DBD 

ACTUATORS 

The power, velocity and force data are collected and summarized here for an 

overall look at the performance of microscale DBD actuators. The following tables 

present the force and velocity results in a number of different ‘performance metrics’ 

relating to device power consumption and actuator design. The tables are used to make 

side-by-side comparisons between the measured performance of microscale and 

macroscale DBD actuators. 

7.1 Materials, Geometries and Performance Data 

The tables include results from Forte et al. (2007), Abe et al. (2008) and Thomas 

et al. (2009) for comparison with standard macroscale DBD actuators. In these 

publications, the power consumption, induced velocity, and thrust data are all reported 

in detail along with device geometries. The dimensions and material properties used in 

the different studies of micro and macro DBD actuators are provided in Table 7-1, while 

Table 7-2 reports a list of materials and their densities which are used in the calculation 

of the actuator mass. Two microscale DBD actuators are used in these comparisons; 

one with polyimide and the other with a silicon dioxide dielectric, both having 10-µm-

thick dielectric layers. The device used for the polyimide data has 10-100-1000 µm 

geometry while the actuator with silicon dioxide has 50-100-1000 µm geometry.  

A few words are necessary in order to clarify the derivation of the performance 

metrics. In these calculations of the device volume and mass, the area used for the 

electrodes is based upon the electrodes’ ‘footprint’, and does not include the length of 

the dielectric surface in the streamwise direction (it is typically not reported in most 

publications). Also, the thickness, or height of the adhesive-backed electrodes is not  
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Table 7-1.  Device dimensions and material properties used in analysis of micro and 
macroscale DBD actuator performance metrics.  

 
Actuator 
width* 

(m) 

Dielectric 
height 

(m) 

Substrate 
height 

(m) 

Actuator 
volume* 

(m3) 

Actuator 
mass* 

(g) 

Micro 
DBD with 
polyimide 

1.11 x 10-3  10-5 5 x 10-4 5.67 x 10-7  
 

1.42 
 

      
Micro 
DBD with 
SiO2 

1.15 x 10-3  10-5  5 x 10-4 5.87 x 10-7 1.49 
 

      
Forte et al. 
(2007) 

10-2 2.0 x 10-3 ― 2.10 x 10-5  26.3 

      
Abe et al. 
(2008) 

3.1 x 10-2  1.8 x 10-3 ― 5.70 x 10-5 97.2 

      
Thomas et 
al. (2009) 

7.3 x 10-2 6.35 x 10-3 ― 4.67 x 10-4  1256 

* Refers to actuator ‘footprint’ and does not include streamwise length of dielectric 

included in the calculation of the actuator volume or mass for the macroscale DBD 

actuators (electrode thickness is included in the volume of microscale actuators).  

Table 7-2.  List of materials used in performance comparisons and corresponding 
material densities.  

Material Density (kg/m3) 

Aluminum 2700 
Copper 8940 
Glass (soda lime) 2525 
Polyimide (PI-2611) 1400 
PMMA (Plexiglas) 1180 
Quartz 2650 
Silicon dioxide (PECVD) 2650 
Titanium 4506 

 
Table 7-3 reports thrust, velocity and power data reported from the respective 

research groups. The data extracted from different research groups all correspond to 

actuators operated at 1 kHz frequency with sinusoidal input. This alleviates the difficulty 

in comparing data with different combinations of input voltage and frequency. These 
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Table 7-3.  Characterization data used in analysis of micro and macroscale DBD 
actuator performance metrics.   

 
AC input  

(kVpp / kHz) 

Power 
consumption 

(W/m) 

Thrust 
 (mN/m) 

Induced 
velocity 
(m/s) 

Micro DBD with 
polyimide 

5 / 1 15 2.0 2 

     
Micro DBD with 
silicon dioxide 

7 / 1 41 1.4 1.5 

     
Forte et al. 
(2007) 

24 / 1 25 ― 2 

     
Abe et al. 
(2008) 

20 / 1 20 3.9 1.4 

     
Thomas et al. 
(2009) 

74 / 1 590 120 ― 

 
values are used with the device geometry and material parameters to populate the 

following tables for comparison of micro and macro device performance.  

7.2 Thrust Metrics 

Table 7-4 presents the performance metrics for micro and macro DBD actuators. 

The first column in the table reports the actuator thrust effectiveness (force produced 

per consumed power). One of the reported actuators (Abe et al. 2008) indicates similar 

thrust and power values to the microscale actuator, while the other macroscale device 

(Thomas et al. 2009) indicates significantly larger thrust production and power 

consumption. However, the microscale DBD actuators with polyimide dielectric 

demonstrate similar thrust effectiveness (thrust per consumed power) to the macroscale 

actuators. The microscale actuator with a SiO2 dielectric barrier shows about an order of 

magnitude reduction in thrust effectiveness.  
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Thrust density is reported in the second column of Table 7-4. Note here that the 

thrust density represents the thrust force per device volume. This should not be 

confused with the plasma force density (acting on the fluid). Microscale actuators having 

both dielectric materials show an order of magnitude improvement compared with thrust 

density computed for Abe et al. (2008) and Thomas et al. (2009). Similarly, the thrust 

per actuator mass (third column) shows order of magnitude larger values for both 

microscale actuators in comparison with macroscale data. This is clearly due to the 

significant size reduction of the microscale actuators.  

Table 7-4.  Summary of various thrust metrics comparing micro and macroscale 
actuator performance.  

 
Thrust 

‘effectiveness’ 
 (mN/W) 

Thrust /  
actuator volume  

(mN/m3) 

Thrust /  
actuator mass 
(unitless, g/g) 

Micro DBD with 
polyimide 

0.13 3.53 x 106  
 

1.41 x 10-1  
 

    
Micro DBD with 
silicon dioxide 

3.41 x 10-2 2.39 x 106  
 

9.40 x 10-2  
 

    
Abe et al. (2008) 0.20 6.84 x 104  4.10 x 10-3  
    
Thomas et al. 
(2009) 

0.20 2.57 x 105  9.7 x 10-3 

 
Recall, the microscale DBD actuators are manufactured on a glass substrate 

which is only necessary as a handle on which to fabricate the devices. Hence, these 

devices could be manufactured on a variety of [thinner, lower density] substrates. For 

example, a thin polymer or sacrificial layer could be deposited on the handle substrate 

prior to device fabrication, and the actuators could be released from substrate after the 

fabrication is complete creating a thin and flexible sheet of microscale DBD actuators. 

This is not only theoretically possible but easily realizable (this would require an 
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additional layer of dielectric under the bottom electrode during the fabrication process in 

order to provide mechanical support and also encapsulate the bottom electrode to 

prevent discharge on the bottom side of the dielectric). The thrust density and thrust per 

mass metrics both increase two additional orders of magnitude when neglecting the size 

and weight of the glass substrate.  

7.3 Velocity Metrics 

Table 7-5 presents a list of performance metrics similar to Table 7-4, in this case 

relating to the maximum induced velocity that the actuators produce. Parameters of 

interest relate the maximum value of the induced velocity to the size, weight and power 

requirement needed to produce a wall jet with such velocity. The velocities produced by 

the microscale actuators are on the order of the macro DBD actuators as shown in the 

corresponding velocity results for each actuator type.  

Table 7-5.  Summary of various velocity metrics comparing micro and macroscale 
actuator performance.  

 
Velocity /  

power  
(m/s) / (W/m) 

Velocity /  
actuator volume  

(m/s) / m3 

Velocity /  
actuator mass 

(m/s) / g 

Micro DBD with 
polyimide 

0.13 3.53 x 106  
 

1.41 
 

    
Micro DBD with 
silicon dioxide 

3.66 x 10-2  
 

2.56 x 106  
 

1.01 
 

    
Forte et al.  
(2007) 

0.08 9.52 x 104  7.60 x 10-2  

    
Abe et al.  
(2008) 

0.07 2.46 x 104 1.44 x 10-2  

 
The first column in table 7-5 relates the induced velocity to consumed power. The 

microscale actuators show similar values to the macroscale data reported by both Forte 

et al. (2007) and Abe et al. (2008). Specifically, the microscale actuator with polyimide 
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indicates 54% and 62% higher values than the two macroscale devices, while the 

microscale actuator with SiO2 indicates slightly lower velocity effectiveness. The velocity 

per actuator volume and velocity per actuator are reported in the final two columns. The 

velocity per volume and velocity per mass both indicate two orders of magnitude 

improvement due to the small size of the microscale actuators. Without the glass 

substrate, these values could reach up to four orders of magnitude improvement over 

macroscale actuators. 

7.4 Actuator Efficiency 

The energy conversion efficiency of the DBD actuator can be computed as the 

ratio of the mechanical power output to the electrical power input, according to  

 
/

/

me me

el el

P L P

P L P
   , (7-1) 

where the mechanical (Pme) and electrical power (Pel) are normalized per unit length 

(both having units of W/m). The electrical power is computed from Equation 4-1. 

However, there are several methods that may be used to compute the mechanical 

output power for determining actuator efficiency. One simple method is to use the peak 

velocity (units of m/s) and thrust (units of N/m) values, in which the mechanical power is 

computed as  

 
,max

me
x x

P
T v

L
 . (7-2) 

In this case the result represents the best case actuator efficiency. From here, the 

actuator efficiency can be computed as the ratio of mechanical output power to 

electrical input power from Equation 7-1. 
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A deficiency or downside of this method for computing the actuator efficiency is 

that the mechanical output power is taken as the product of the thrust and maximum 

velocity values. This value may provide an upper boundary for the best possible 

efficiency; however, the maximum integrated thrust and peak velocity do not necessarily 

occur at the same location. Furthermore, a single data point of velocity does not 

necessarily represent the global velocity field, nor does the thrust capture all of the 

details of the body force.  

Another method to compute the DBD actuator efficiency is to use the kinetic 

energy density flow rate. In this case, the mechanical output power per unit length is 

computed according to  
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me
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  . (7-3) 

This method has been used by other research groups to define the DBD actuator 

mechanical power (Moreau 2007; Jolibois and Moreau 2009), and was also suggested 

by Cattafesta and Sheplak (2011). An advantage of this method is that variations in the 

velocity profile are incorporated in the mechanical power computation. This method also 

has one drawback; it is susceptible to variability based on the downstream choice of 

location of the velocity profile used in the calculation. 

A third option for computing the mechanical power is based on the volume velocity 

and dynamic pressure. The volumetric flow rate, Q, is found by integrating the velocity 

flux through a given downstream surface in the y-z plane (perpendicular to the primary 

flow direction). In this case of two dimensional data, the volumetric flow rate is 

computed in the wall-normal or y-direction, and normalized per unit length in the 

spanwise or z-direction (units of m2/s) 
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1

0

y

x
y

Q
u dy

L
  . (7-4) 

In this case the volumetric flow rate is computed in the wall-normal or y-direction, and 

normalized per unit length in the spanwise or z-direction (units of m2/s). The dynamic 

pressure, q, is found as follows (units of N/m2): 

 21

2
q u , (7-5) 

where  
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  . (7-6) 

The value of δ is chosen as 1 mm to represent the wall jet thickness. The mechanical 

output power is then found as the product of dynamic pressure and volumetric flow rate, 

according to  

 meP Q
q

L L
 . (7-7) 

This method also suffers from variability based on the downstream choice of location of 

the velocity profile used in the calculation.  

The fourth and final method proposed to compute the efficiency is to integrate the 

velocity-body force product over a domain of interest. This method includes all of the 

force and velocity events within the entire domain, instead of picking single data points 

to represent the mechanical power. Recall, the body force fplasma is computed from 

Navier Stokes equations (Equations 4-11). In this case, the mechanical output power is 

computed as  

 
1 1

0 0

y x
me

plasma
y x

P
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L
   . (7-8) 
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Values are summarized in Table 7-6 for the different methods of computing DBD 

actuator efficiency, based on the four methods presented for computing the mechanical 

output power.  

Table 7-6.  Summary of various methods for computing DBD actuator efficiency.  

 
Method 1 

Equation 7-2 
Method 2 

Equation 7-3 
Method 3 

Equation 7-7 
Method 4 

Equation 7-8 

Micro DBD 
with polyimide 

2.67 x 10-4 
 

7.70 x 10-6 
 

2.46 x 10-5 
 

2.74 x 10-5 
 

     
Micro DBD 
with silicon 
dioxide 

5.12 x 10-5 
 

3.33 x 10-6 
 

3.74 x 10-5 
 

1.65 x 10-5 
 

 
This efficiency based on Equation 7-2 can be computed only if both velocity and 

thrust data are reported. Abe et al. (2008) reports thrust and velocity parameters, 

providing one macroscale actuator reference to compare with the microscale actuators. 

The efficiency computed for reported macroscale data is 2.73 x 10-4 (Abe et al. 2008), 

while the efficiency for microscale actuators is computed as 2.67 x 10-4 for the 

polyimide-based device. Here the microscale actuator indicates equivalent energy 

conversion efficiency to the macroscale actuator based on this efficiency parameter. For 

the microscale device with SiO2 dielectric, the efficiency is 5.12 x 10-5, demonstrating 

reduced energy conversion of the consumed electrical input to mechanical output 

performance. 

The efficiency computed using Equation 7-3 is significantly lower than that from 

the first method (using max thrust and velocity values). The efficiency is 2.44 x 10-5 for 

polyimide-based actuators and 1.68 x 10-5 for actuators having SiO2 dielectric. Since 

this method is inclusive of variations along the velocity profile, it is expected to produce 
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a more accurate value of the overall actuator efficiency as compared to the efficiency 

computed from Equation 7-2. 

From Equation 7-7, the DBD actuator efficiency is based on the product of 

dynamic pressure and volumetric flow rate. The microscale actuator efficiency is found 

to be 6.48 x 10-5 and 1.33 x 10-5 for actuators with polyimide and SiO2 dielectric 

materials, respectively. These values are similar to those using the previous method in 

which variations in the velocity profile are incorporated for the mechanical power 

calculation.   

Using the fourth method (Equation 7-8), based on integrating the velocity-body 

force product, the microscale DBD actuator efficiency is found to be 2.74 x 10-5 and 

3.74 x 10-5 for actuators with polyimide and SiO2 dielectric materials, respectively. 

Interestingly, this method indicates the actuators with SiO2 dielectric demonstrate better 

efficiency despite their producing lower thrust and velocity values as compared with 

polyimide-based actuators. Unlike the previous two methods, which use a single 

downstream velocity profile to compute the mechanical power, this method accounts for 

all of the force and velocity data within the domain of integration. However, the values 

computed from this method are also consistent with the two previous efficiency results. 

Furthermore, Kriegseis et al. (2011a; 2013b) has reported two publications 

specifically on the topic of DBD actuator efficiency. In his more recent publication 

(Kriegseis et al. 2013b), Kriegseis defines three ‘efficiencies’: the electrical efficiency 

relating the input power to the power delivered to the DBD actuator, the fluid mechanic 

efficiency relating the thrust force to the consumed power, and also a ‘savings rate’ 

which relates the amount of power used to the amount that physically makes sense as 
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available. This ‘savings rate’ is and should be defined for the particular flow-control 

application. The parameters are called effectiveness instead of efficiency ratios since 

both of these parameters can theoretically reach larger than one in magnitude, and the 

fluid mechanic ratio has units of N/W (instead of being unitless). For further details on 

DBD actuator efficiency, the reader is referred to these discussions by Kriegseis et al. 

(2011a; 2013b). 

In summary, microscale DBD actuators show promising results, inducing flow with 

significant velocity and similar profile to macroscale devices with a drastic reduction in 

device size and power consumption. Four methods are suggested for computing the 

DBD actuator efficiency as a ratio of mechanical power output to electrical power input. 

The results indicate potential for microscale DBD actuators to outperform macroscale 

actuators; they provide increased control authority in several performance metrics when 

compared with data reported from several macroscale devices. The primary advantage 

comes from scaling the actuator geometry, resulting in drastic reductions in the actuator 

volume and mass. In addition, reduction in the power requirement gives rise to the 

potential for portability: a primary advantage that macroscale actuators are not able to 

capitalize upon. 
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CHAPTER 8 
SUMMARY AND FUTURE WORK 

This chapter begins with a summary of the work performed and presented 

throughout this document on the design, fabrication and characterization of DBD 

plasma actuators with microscale dimensions. Contributions to the science research 

community regarding DBD actuators are identified along with proposed applications 

where microscale DBD actuators may be utilized. Results from preliminary work on non-

standard DBD actuator designs are presented as future work, in which further 

investigation on the actuator geometry is required to find the optimal design parameters. 

Among these nontraditional DBD actuators include arrays of DBD actuators, actuators 

with serrated anodes, and also serpentine and plasma synthetic jet designs intended to 

pinch the fluid normal to the actuator surface.  

8.1 Summary and Conclusions 

A first generation of microscale DBD plasma actuators was fabricated and 

demonstrated successful operation. These devices primarily used polyimide for the 

dielectric barrier material. Device characterization focused on three categories: power 

consumption, induced flow velocity, and force/thrust. The thrust force was measured 

both directly and indirectly, while the plasma force can only be inferred from velocity 

measurements. Analyses of the data was performed and reported over numerous 

microscale DBD actuators ranging in various dimensions, materials and electrical 

excitation. Polyimide-based actuators produced up to 3.5 mN/m of thrust and 2 m/s 

induced velocity while consuming 20 W/m of electrical power. The net plasma body 

force reached 5 mN/m.  
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It was found that the first generation actuators consistently failed during operation. 

The short device lifetime made it challenging to collect data. The cause of the failure of 

the polyimide barrier was investigated, and ultimately attributed to the surface being 

eroded due to sputtering of the material caused by ions within the discharge 

bombarding the polyimide surface.  

A new generation of devices was designed with silicon dioxide for the dielectric 

barrier material. SiO2 was chosen as it is a popular thin film insulation material for 

electronics manufacturing and is also used for macroscale DBD actuators. The SiO2 

improved the lifetime of the microscale DBD actuators, enabling devices to operate for 

10s of minutes. These devices were characterized with the same methods as the first 

generation of devices. However, the extended lifetime of the actuators with SiO2 

enabled them to be tested at several voltages and/or frequencies in order to observe 

trends in the device performance with electrical input. At 7 kVpp and 1 kHz, devices with 

SiO2 dielectric barriers produced up to 1.4 mN/m of thrust and demonstrate 1.5 m/s 

induced velocity while consuming 41 W/m of electrical power. The net plasma body 

force reached 2.5 mN/m. 

The microscale DBD actuator performance was summarized and compared with 

reported macroscale data. The actuator ‘effectiveness’ was used to compare thrust and 

velocity when normalized by power consumption; the microscale actuators with 

polyimide dielectric demonstrate similar thrust effectiveness with macroscale devices, 

and indicate 54% and 62% improvement in velocity effectiveness as compared with two 

macroscale devices. The devices with silicon dioxide, however, showed about an order 

of magnitude reduction in thrust effectiveness compared with macroscale actuators, and 
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slightly lower velocity effectiveness as well. Although, on a per-volume or per-mass 

basis, the microscale DBD actuators show an order of magnitude improvement over 

macroscale actuators for both thrust and velocity metrics.  

In the case where force and velocity data were both reported, the efficiency is 

computed as a ratio of the mechanical output power to electrical input power. Based on 

max thrust and velocity data, the microscale actuator with polyimide demonstrated 

equivalent energy conversion efficiency compared with the macroscale actuator. Three 

additional methods have been suggested in order to compute the efficiency of DBD 

actuators for flow control applications. These other methods incorporate integrated 

values of the velocity and force data and are expected to provide a more realistic 

representation of the overall actuator efficiency.  

In general, the microscale DBD actuator induced velocity, thrust, and power 

consumption scale favorably with size reduction. Microscale DBD actuators 

demonstrated induced velocities on the order of that induced from macroscale actuators 

with a significant reduction in power requirements. Utilizing semiconductor fabrication 

techniques improves manufacturing tolerances and repeatability between devices 

compared to handmade actuators. The compact size and low mass of the micro 

actuators make them implementable with minimal weight penalty. 

Overall, the actuators with silicon dioxide provide better reliability but show lower 

performance. Actuators with polyimide showed larger velocity and thrust values but has 

low reliability due to their short lifetime before the dielectric fails. Challenges in the 

fabrication process may limit the available materials or possible actuator geometries. 

For example, using PECVD to deposit a 10 µm layer of SiO2 is difficult as thermal 
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stresses induce cracking or delamination over regions of large metal features. Material 

selection may also become limited due to adhesion compatibility between materials; 

PDMS, an excellent polymer with good dielectric strength and excellent chemical 

resistivity, does not adhere to sputtered metals and was not investigated as the 

dielectric barrier.  

Recall from Section 2.2, there were three benefits of scaling DBD actuators which 

provided motivation for this work: 1) increase in thrust density, 2) reduction in power 

requirement, and 3) improvement in manufacturing. Unfortunately, the first benefit of 

increased force density was not demonstrated using microscale DBD actuators. From 

the spatial body estimate (Figure 4-20), the plasma force density acting on the fluid is 

on the order of 100 N/m3, much lower than the predicted force density indicating values 

up to MN/m3. The large discrepancy between the numerical prediction and 

experimentally observed values of the force density are most likely due to the difference 

in actuator configurations as well as the assumptions made in both cases. Specifically, 

the numerical simulation used a volume DBD configuration with a dc input voltage of 

500 V across two parallel plate electrodes. Furthermore the discharge medium was 

modeled in a pure nitrogen environment. The two other benefits, namely the reduction 

in power and improvement in manufacturing, were both achieved in this work. The 

microscale actuators demonstrate an order of magnitude reduction in power as 

observed in the results data (Sections 5.1 and 6.1). Using semiconductor fabrication 

techniques also improve the manufacturing of DBD actuators in comparison with 

handmade actuators. Photolithography patterning provides precise feature geometry 
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and accuracy in electrode alignment. Using these processing methods enables complex 

electrode patterns that would otherwise be challenging to create by hand.  

8.2 Research Contributions 

Investigation of microscale plasma systems offers the opportunity for fundamental 

scientific understanding of truly multidisciplinary research. The study of plasma 

incorporates aspects of electrical, chemical, optical, mechanical and aerospace 

engineering along with complex physics principles. Unique microscale measurements 

were made of physical variables to quantify microscale DBD actuator performance. The 

quantitative and comprehensive physical measurements provide valuable physical 

insight for better understanding of microscale plasma actuator performance, and also 

provide body force data for comparison and validation with numerical studies. The 

completed contributions of this research include: 

 Development and demonstration of microfabrication methods for realizing DBD 
actuators with electrode dimensions from 10 – 5000 µm using 5 – 20 µm thick 
dielectric barriers with an electrode gap of 100 µm 

 Thorough and systematic characterization of the electrical, fluidic, thermal and 
mechanical behavior of microscale DBD plasma devices, with particular interest in 
the actuator thrust as well as the net body force acting on the fluid for comparison 
with numerical simulations 

 Exploration of microscale DBD actuator configurations for maximum induced flow 
velocity and correspondingly imparting maximum momentum transfer into the flow 
while consuming the lowest possible power requirement 

 Development and dissemination of a benchmark experimental database of 
microscale DBD device performance for reference by other researchers 

These efforts shall serve as the foundation toward future application systems, 

such as aerodynamic flow control, aerospace propulsion, microfluidic pumps, ozone 

generation, water purification, and medical sterilization. A great advantage of microscale 

discharge devices is the possibility of creating portable systems that could sterilize 
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medical devices out in the field, or perhaps even a portable water purification kit that 

could be used in cities with no water infrastructure to provide clean drinking water. 

8.3 Future Work 

A few ‘non-standard’ DBD actuators were designed and preliminary data has been 

recorded. Arrays of DBD actuators have been studied for macroscale DBD actuators 

(Roth 2003; Roth and Dai 2006; Forte et al. 2007; Thomas et al. 2009; Likhanskii et al. 

2010) to investigate whether the induced velocity can be increased or extended using 

sequential actuators. Both Forte et al. (2007) and Thomas et al. (2009) report a slight 

increase in the velocity with multiple actuators, about 1 m/s increase shown between 1 

and 2 actuators, but show diminishing returns with additional actuators. Forte et al. 

(2007) reported maximum velocity when there is 2 cm spacing between actuators. 

These values were measured using pitot probes; to the author’s knowledge there has 

not been reported PIV data for arrays of DBD actuators, possibly due to the large 

spacing required and a trade off with PIV resolution with using a large field of view. 

Arrays of microscale DBD actuators having either 5 mm or 10 mm separation 

between electrode pairs were tested using two-component PIV. The devices used in 

these experiments have either 10 µm polyimide or 10 µm silicon dioxide for the 

dielectric barrier. Figure 8-1 provides PIV data for a microscale DBD array of three 

actuators with 5 mm spacing. The device has 20-100-40 µm geometry, a 10-µm-thick 

polyimide dielectric, and is operated at 3.5 kVpp and 1 kHz. The device geometry is 

indicated in Figure 8-1 under the velocity field for reference. A maximum induced  
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Figure 8-1.  Array of three microscale DBD actuators with 5 mm spacing. Device has 

20-100-40 µm geometry with a 10-µm-thick polyimide dielectric barrier, 
operated at 3.5 kVpp and 1 kHz. A schematic of the device geometry is 
shown below for reference.  

velocity of 0.55 m/s occurs downstream from the last actuator in the DBD array. The 

first two actuators in the array induce velocities that are 0.3 – 0.4 m/s. The spacing of 

the actuators cannot be too small, such that the anode of one device is close to the 

ground electrode from the previous actuator in the array causing a ‘backward’ discharge 

in the unwanted direction. If the actuator pairs are too close, the electric field lines will 

lose their directionality reducing momentum transfer to the surrounding fluid. 

An array of five actuators with 5 mm spacing is shown in Figure 8-2, for voltages 

ranging from 2.5 to 4 kVpp. Similar trends are observed as with Figure 8-1: the 

maximum velocity occurs downstream of the last actuator in the array at 4 kVpp. The 

first four actuators produce similar effects, inducing velocities about 80 % of the 

maximum velocity that is produced further downstream. At lower voltage input, the 

induced flow does not connect from one actuator to the next. At 2.5 kVpp the induced  
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Figure 8-2.  Array of five microscale DBD actuators with 5 mm spacing. 50-100-100 µm 

geometry with 10-µm-thick polyimide dielectric. 

flow is very local, and quickly diffuses downstream before the next actuator can entrain 

the flow to continue its momentum down the array. Instead, each actuator produces a 

local fluid perturbance which recirculates in the region above the electrode pair. By 3 

kVpp and above, the induced flow from neighboring actuators reaches the next pair and 

the flow is pushed downstream as intended by the array.   

Measurements from arrays with 10 mm spacing are presented in Figure 8-3. Three 

actuators with 50-100-100 µm geometry and a 10-µm-thick SiO2 dielectric layer are  



 

147 

 
 
Figure 8-3.  Array of three microscale DBD actuators with 10 mm spacing. 50-100-50 

µm geometry with a 10-µm-thick polyimide dielectric.  

operated with voltages ranging from 2.5 – 5 kVpp. The induced flow is not able to 

connect between neighboring actuators with 10 mm spacing, regardless of the input 

voltage. Each actuator creates a recirculation region above the surface; the streamwise 

effect on the surrounding fluid is very local around the electrodes, diffusing within about 

5 mm downstream except for the last actuator in the array. Similar to the previous array 

results, the last actuator in the array produces the largest velocity and shows the 

greatest downstream velocity effects.  
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Figures 8-4, 8-5 and 8-6 show pictures of the microscale designs for serpentine, 

serrated, and synthetic jet actuator configurations. Some challenges were encountered 

upon testing of these designs due to the small features used in the actuator geometries.   

 
 
Figure 8-4.  Serpentine DBD actuators. 100-µm-wide powered electrode, 100 µm 

electrode gap, with various ground electrode geometries.  

 
 
Figure 8-5.  Microscale DBD actuators with serrated anode and 1-mm-wide ground 

electrodes. From left to right, the ratio r of the serration base-to-height is 2, 4, 
5 and 10.  

 
 
Figure 8-6.  Plasma synthetic jet actuators. Ground electrode diameter, from left to right: 

1, 2 and 3 mm.  

There are limitations to the dimensions of the features of these DBD designs. The 

laser sheet used to illuminate the plane of interest for PIV measurements has a 
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thickness of about 0.5 mm. Thus, the period of the serpentine has a minimum such that 

the laser does not illuminate too large of a region of the actuator. For example, if the 

period of the serpentine actuator was 1 mm or smaller, the laser would illuminate at 

least half of the serpentine period and the regions of the peaks and valleys could not be 

resolved with the laser sheet. Similarly, the size of the teeth of the serrated actuators 

and the diameter of the synthetic jet has lower limits as well. Figure 8-7 illustrates these 

limits in the test equipment. The images in Figure 8-7A show a plasma synthetic jet 

A 

B 
 
Figure 8-7.  Microscale DBD actuators shown during operation and under test 

conditions. A) Plasma synthetic jet actuator. B) Serpentine actuator. 

actuator with a 1 mm ground diameter in operation (left side of Figure 8-7A) and during 

the PIV test (right side of Figure 8-7A). The diameter of the laser is large such that a 

plane through the center of the plasma synthetic jet cannot be well resolved with 

relation to the actuator geometry. The serpentine geometry suffers from the same 

limitations, as shown in the images of Figure 8-7B. Data from these two actuators was 

unclear and disregarded for analysis. 
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Results from a microscale DBD actuator with a serrated anode are shown in 

Figure 8-8. This device has a 10-µm-thick SiO2 dielectric barrier and a 1-mm-wide 

ground electrode. For this actuator, the teeth geometry has a base of 200 µm and 

height of 100 µm, such that the base-to-height ratio r of the teeth is 2. Joussot et al. 

(2013) recently reported that using a small value of r (< 1) is beneficial to induce higher 

velocity to increase thrust while using large values of r (> 2) is beneficial to induce 

vortices, creating a 3D flow. For the microscale geometry having a base of 200 µm, the 

plane of illumination in the PIV test spans two entire teeth of the serrated anode. Hence 

the resulting velocity field includes combined fluid effects at the peaks and valley of the 

anode serrations.  

 
 
Figure 8-8.  Microscale DBD actuator with serrated anode; base-to-height ratio r = 2. 

Device has a 1-mm-wide ground electrode and a 10-µm-thick SiO2 dielectric. 

The induced velocity from the serrated actuator has a significant y-component and 

does not represent the typical wall jet induced from standard DBD actuator geometries. 

Pinching of the fluid between the teeth gives rise to the increased y-component of the 

induced velocity. The results from the serrated actuator are compared in Figure 8-9 with 

the linear or standard DBD design having the same dielectric and electrode geometry 

(besides the serrations). Two differences stand out: first the maximum velocity is greater 
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for the standard actuator design. This does not agree with results reported by Thomas 

et al. (2009), where maximum thrust is reported for a teeth ratio r = 0.25 and is 50 % 

greater than the thrust measured from a standard DBD actuator. Second, the flow  

 
 
Figure 8-9.  Comparison between serrated and standard DBD actuators. A) Serrated 

DBD actuator. B) Standard DBD actuator. Both actuators have 1-mm-wide 
ground electrodes and a 10-µm-thick silicon dioxide dielectric. 

induced from the serrated actuator is no longer primarily in the streamwise direction; the 

x- and y-components of the induced velocity are on the same order, as indicated in the 

PIV data.  

In order to resolve the fluid effects at the peaks and valleys of the serrations, either 

the geometry must be increased such that these regions can be measured 

independently of each other, or the equipment used for characterization must change. 

Techniques such as laser Doppler velocimetry (LDV) provide a non-intrusive velocity 

measurement with high spatial resolution. LDV also allows for near-wall velocity 

measurements (although may be challenging). Compared with PIV, which measures 

velocity over the entire two-dimensional field of view, LDV measurements correspond to 

a single-point within the flow field. 
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APPENDIX A 
DATABASE OF VELOCITY CONTOURS  

This database shall provide measurements and performance results for 

microscale DBD actuators over a range of [microscale] dimensions and materials. It is 

useful in determining the appropriate applications for which microscale DBD actuators 

may be utilized, and also provides reference data for numerical modeling.  

The appendix begins with data for devices with 10-µm-thick polyimide dielectric 

barriers, followed with velocity fields for devices with 5- and 10-µm-thick silicon dioxide 

dielectrics. In this appendix there is not a discussion following each figure; the reader is 

referred to the sections where the corresponding velocity results are discussed.  

A.1 Devices with 10 µm Polyimide Dielectric  

 
 
Figure A-1.  Velocity fields for microscale DBD actuators. A) Devices with 10 µm wide 

powered electrodes. B) Devices with 50 µm wide powered electrodes. Shown 
for three ground electrode sizes with 5 kVpp, 1 kHz input. 
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Figure A-2.  Velocity fields for microscale DBD actuator with 500-µm-wide ground 

electrode geometry, shown for various electrode sizes. 5 kVpp, 1 kHz input. 
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Figure A-3.  Velocity fields for microscale DBD actuator with 1000-µm-wide ground 

electrode geometry, shown for various electrode sizes. 5 kVpp, 1 kHz input. 
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A.2 Devices with 5 µm Silicon Dioxide Dielectric  

 
 
Figure A-4.  Velocity fields for microscale DBD actuator with 50-100-50 µm geometry, 

shown for voltages ranging from 2 to 3.5 kVpp, 1 kHz input. 

 
 
Figure A-5.  Velocity fields for microscale DBD actuator with 50-100-100 µm geometry, 

shown for voltages ranging from 2 to 4 kVpp, 1 kHz input. 
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Figure A-6.  Velocity fields for microscale DBD actuator with 50-100-500 µm geometry, 

shown for voltages ranging from 2 to 4 kVpp, 1 kHz input. 
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Figure A-7.  Velocity fields for microscale DBD actuator with 50-100-1000 µm geometry, 

shown for voltages ranging from 2 to 4 kVpp, 1 kHz input. 
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A.3 Devices with 10 µm Silicon Dioxide Dielectric  

 
 
Figure A-8.  Velocity fields for microscale DBD actuator with 50-100-50 µm geometry, 

shown for voltages ranging from 2 to 7 kVpp, 1 kHz input. 
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Figure A-9.  Velocity fields for microscale DBD actuator with 50-100-100 µm geometry, 

shown for voltages ranging from 2 to 7 kVpp, 1 kHz input. 
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Figure A-10.  Velocity fields for microscale DBD actuator with 50-100-500 µm geometry, 

shown for voltages ranging from 2.5 to 6.5 kVpp, 1 kHz input. 
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Figure A-11.  Velocity fields for microscale DBD actuator with 50-100-1000 µm 

geometry, shown for voltages ranging from 2.5 to 7 kVpp, 1 kHz input. 
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APPENDIX B 
UNCERTAINTY ANALYSIS 

This appendix provides the uncertainty analysis for power and thrust measurement 

techniques. These values are used to propagate the error bars reported in the power 

and direct thrust data.  

B.1 Power Measurement 

The uncertainty in the power measurement is a combination of the bias error 

introduced from the current and voltage probes in addition to the statistical error based 

on the variations in repeated measurements. The uncertainty of the instantaneous 

power measurement bias error (from only the measurement probes) is computed as  

 

2 2

,
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( )meas err V I
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P t

V I
 

    
    

    
, (B-1) 

where the symbols λV and λI represents the uncertainties in the measured voltage and 

current, respectively. The power and current probe errors are reported as a percentage 

of the measured values: 3% for voltage probe and 1% for the current monitor. By 

discretely averaging, the power measurement bias error may be expressed as  
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where the average power, Pavg, is computed from Equation 4-1. There is also some 

error associated with statistically averaging sets of power measurements. The statistical 

error of the average power is computed based on the standard deviation and applying a 

95% (double sided) confidence interval. The statistical error is computed as  
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where σ is the standard deviation of the mean power averaged over N data samples, 

and the value of the scalar t is based on a t-distribution table. The total error in the time 

averaged power measurement is found by combining Equations B2 and B3, providing  

 2 2

, ,err meas err stat errP P P  . (B-4) 

B.2 Thrust Measurement 

The direct thrust measured from the torsion balance requires a more complex 

uncertainty analysis. Recall from Equation 4-3, the thrust is a function of the rotational 

spring constant, the displacement angle and length of moment arm. The displacement 

angle is measured using an optical sensor which has some associated uncertainty as 

does the length of the moment arm. However, the uncertainty in the rotational spring 

constant is based upon uncertainties in balance calibration which propagates through 

from the logarithmic decrement to the damping ratio and natural frequency parameters 

(as described in Section 4.3.1.1).  

Equation 4-3 provides an analytical expression for the thrust as a function of the 

displacement angle θ. Based on the moment arm length, l = 0.0285 m, the deflection 

angle θ is less than 1 mrad for beam displacements up to 25 µm, which is greater than 

the maximum displacement produced by the microscale DBD actuators. This justifies 

the use of the small angle approximation to replace the displacement angle θ with the 

ratio of the perpendicular displacement (x) to the moment arm length, x/l. With this 

substitution, Equation 4-3 reduces to  

 
2

k x
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The measurement uncertainty of the direct thrust measurement is computed as  



 

164 

 

2 2 2

err k x l

T T T
T

k x l



  
      

       
      

 

         

2 22

2 2 3

2
k x l

k k xx

l l l

   
    

       
     

. (B-6) 

The optical displacement sensor has 200 nm resolution when operating using 256 

averages per sample. With increased averaging, the resolution improves to its best 

case of 40 nm using 4096 averages per sample. The recorded data uses at least 512 

averages per sample, so an uncertainty of 200 nm is used in this analysis as a worst 

case value for λx. The uncertainty in the moment arm length is based on a physical 

measurement, and 1 mm is chosen as thought to be a fair value for λl. 

Recall from Equation 4-4, the rotational spring constant (kθ) is a function of the 

natural frequency (ωo) and moment of inertia (MI) of the torsion balance. Hence, the 

uncertainty in the rotational spring constant is found by propagating the uncertainties of 

the displacement measurement through the calculation of natural frequency as well as 

the uncertainty in the moment of inertia, according to   
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where the partial derivates of kθ  with respect to ωo and MI are 2 o
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, respectively. Plugging these terms into Equation B-7, the uncertainty in the 

rotational spring constant is computed as  
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The following analysis outlines the uncertainty propagation through the calibration of the 

torsional balance in order to extract the terms in Equation B-8, which is then used to 

determine the total uncertainty of the thrust measurement. 

Regarding the calibration of the torsional balance, which is based on the response 

of the system to an initial displacement as described in Section 4.3.1.1 and illustrated in 

Figures 4-14 and 4-15. The measured displacements are recorded in time, and the time 

values are presumed to be the only known value which the measured data is referenced 

upon. This implies zero uncertainty in the time data in which is used to extract the 

damped frequency (ωd). The uncertainty in the natural frequency (ωo) stems from the 

uncertainty in the amplitudes of the measured displacements which propagates through 

the logarithmic decrement, onto the damping ratio, and finally to the natural frequency.  

The logarithmic decrement (δ) depends on the measured amplitudes from the 

decaying oscillations of the balance’s response to the initial displacement.  The 

uncertainty in δ is weighted by the individual uncertainties from each variable in 

Equation 4-7, according to  

 

2 2

 
o my y

o my y


 
  

    
    

    
. (B-9) 

Taking the partial derivatives of δ with respect to yo and ym, we have 
1

o oy y





 and

1
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, respectively. As mentioned above, the uncertainty in measured 

displacement amplitude is 200 nm, or λy,o = λy,m = λy = 2 x 10-7 m.  Plugging these 

values into Equation B-9, we compute the log decrement uncertainty as  
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From here, the uncertainty in the damping ratio (ζ) is computed in a similar fashion:  
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Taking the derivative of ζ with respect to δ, we get 
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into Equation B-11, the uncertainty in the damping ratio ζ is computed as  
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The uncertainty in the damping frequency (ωd) is based upon the time data which are 

presumed exactly known in value. Hence, λx,n = λx,n+1 = λx = 0 sec, so the uncertainty in 

the damping frequency is zero. For completeness of the analysis at hand, the equation 

for the uncertainty in ωd is computed as  
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where xn and xn+1 are the time values at which two consecutive peaks of the damped 

oscillations are extracted. The partial derivatives of ωd with respect to xn and xn+1 are 

 
2

1

2d

n n n
x x x

 






 
and

 
2

1 1

2d

n n n
x x x

 

 

 


 
, respectively. Plugging these into Equation B-

13, the uncertainty in ωd is found as  
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From these values, the uncertainty in the natural frequency ωo can be computed as  
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Taking the partial derivatives of ωo with respect to ζ and ωd gives 
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, respectively. Plugging these into Equation B-15, along with the 

uncertainty values for both ζ and ωd, we arrive at the uncertainty in ωo, according to  

 
 

2 2

3/2 22

1
 

11
o d

d
  

 
  



   
    

      

 (B-16) 

Next, the uncertainty in the balance’s moment of inertia must be computed. Unlike 

the uncertainty in ωo, which is based on the measured displacement data, the 

uncertainty in the moment of inertia is based solely on the geometry and materials of 

the balance, resulting in a constant value.  

The uncertainty values for both the geometry and mass of the balance are 

provided in Table 4-1, based on the resolution of the measuring tools and digital scale. 

The moment of inertia for the force balance propagates from the uncertainty in each of 

the three components, according to  
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The equations for the uncertainty for each component of the balance follow, starting 

with the vertical aluminum beam: 
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where the partial derivates of MI with respect to the mass, width and depth of the beam 

are   2 21
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, respectively. Plugging these 

back into Equation B-18, the uncertainty in the vertical aluminum beam is found as  
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Similarly, for the horizontal aluminum beam, the uncertainty equation is  
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where the partial derivates of MI with respect to the mass, width, depth and axial offset 

of the beam are   2 2 21
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respectively. Plugging these back into Equation B-20, the uncertainty in the horizontal 

aluminum beam is found as  
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Lastly, the uncertainty in the moment of inertia for the cylindrical stainless-steel 

counterweight is  
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where the partial derivates of MI with respect to the mass, radius and axial offset of the 

cylinder are  2 21
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Plugging these back into Equation B-22, the uncertainty in the cylindrical counterweight 

is computed as  
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Equations B-19, B-21 and B-23 may be substituted back into Equation B-17 to calculate 

the total uncertainty in the force balance moment of inertia. 

At last, the uncertainty in the rotational spring constant kθ may now be computed 

from Equation B-8. Finally, the measurement uncertainty in the direct thrust 

measurement can be computed from Equation B-6. 
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