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Electroactive polymer synthetic jets (E-jets) are a new lightweight low-power means of generating a synthetic jet

for low-speed active flow control applications. The actuationmethod uses a thin (�30 �m) prestrained lowmodulus

and a circular-composite-dielectric acrylic elastomer membrane. The membrane is excited to operate at transverse

resonance to pumpair in and out of a partially closed chamber. Based on device configurations experimentally tested

to date, the attainable nozzle velocity has been determined to be greater than 25 m=s at a nozzle exit diameter of

13 mm and a frequency of approximately 250 Hz without optimization. While performing device frequency sweep

characterization, it was noted that certain higher membrane vibration modes induced significantly greater jet

velocities than the fundamental membrane mode. A series of tests was performed using a stroboscope to identify the

modes and correlate them qualitatively with device performance. These tests verified the presence of classical

membrane modes. A second series of tests was then performed using a scanning laser vibrometer to quantitatively

correlate membrane mode shapes with device performance. The vibrometer tests experimentally attributed peak

velocity performance to the presence of one particular nonclassical higher-order mode. The exploitation of coupled

higher-order membrane modes for increased synthetic jet performance represents a new operating paradigm for

similar classes of systems.

I. Introduction

F OR more than a decade, significant effort has been applied to
studying and developing synthetic jet actuators for active flow

control applications [1]. Motivational factors influencing this
effort include increasingly stringent demands for reducing vehicle
emissions, reducing vehicle acoustic loads, and reducing vehicle
drag while increasing vehicle capabilities such as cargo capacities,
aircraft short takeoff and landing capabilities, endurance, and range.

Flow control, broadly defined, refers to the intentional manipu-
lation of a flowfield to induce desired flow phenomena in the
presence of specific flow conditions. This may include passive or
active flow control, in which passive control solutions are typically
aimed at a narrow design point (e.g., cruise speed), and active flow
control solutions tend to bemore broadband in terms of applicability.
Active control implies some adaptability in how and when a given
solution is to be applied, which thus adds a requirement for a
feedback mechanism and control algorithm for implementation.

There is currently a large body of literature discussing active flow
control techniques and strategies [2–4], and so the authors deem
it unnecessary to summarize the field in detail. The authors do,
however, emphasize two active flow control techniques that relate to
the specific issues of synthetic jet actuator characterization discussed
in this paper: 1) circulation control and 2) boundary-layer separation
control. Circulation control involves operating a synthetic jet device
in an attached-flow regime at relatively high frequencies and a
sufficient jet-to-freestream velocity ratio to produce recirculation
regions of flow that can be used to change the shape of the aero-
dynamic body in a virtual way, thereby actively altering distribution
of the aerodynamic loading [5]. On the other hand, boundary-layer
separation control, the origins ofwhich can be traced all theway back

to the infancy of heavier-than-air flight [6], involves relatively low-
frequency actuation of a synthetic jet ahead of an aerodynamic
surface experiencing separation to delay that separation from
occurring [7].

In the open literature, synthetic jets are most often described in
terms of two functional parameters: 1) frequency of operation and
2) induced velocity at the nozzle exit. Two equations are used most
often to relate these functional parameters to potential flow control
applications. The first such equation relates the so-called momentum
coefficient C� [8]:

C� �
2�jU

2
j b

�U2c
(1)

where � and �j are the freestream and jet fluid densities, Uj is the
averaged jet velocity at the nozzle exit,U is the freestream velocity, c
is an application-specific geometric parameter describing a
characteristic length to be influenced by the synthetic jet (e.g.,
wing chord length), and b is a geometric parameter describing the
actuator geometry, typically the width or diameter of the actuator’s
nozzle. For adequate control authority in flow separation control
applications, the momentum coefficient must be, at a minimum, on
the order of 10e-3 [9]. The beneficial effect that an increasing jet
momentum coefficient has on reattaching the boundary layer was
described by McCormick [9].

The second archetypal equation used to relate synthetic jet
performance applicability is the nondimensional frequency para-
meter F� [10]:

F� �
fjc

U
(2)

where fj is the frequency at which the synthetic jet is actuated, and
U and c remain the same as in the equation for the momentum
coefficient. When considering the nondimensional frequency as it
relates to active flow control, there are currently two known
acceptable regimes of operation: 1) F� � 1 [1,11], and 2) F� � 10
[12].

Understanding the relationship between actuation frequency and
induced jet velocity is critical to understanding how a given synthetic
jet actuatormay be used in a real application. Thus, themotivation for
a study of membrane modal correlation with device performance is
clear, given that velocity performance of the actuator scheme
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discussed in this paper has been determined to be highly dependent
on membrane dynamics (in particular, mode shape), which is in turn
highly frequency-dependent.

It was previously reported by Gilarranz et al. [13] that a synthetic
jet actuation mechanism with a peak-to-peak stroke amplitude “on
the order of 5mm at a frequency around 300Hzwould be optimal for
real-life flight applications.” The authors pointed out that such a
deflection-bandwidth relation is not appropriate for piezoceramics,
but that it is in fact appropriate for actuation with electric motors, the
actuation scheme they were researching. The deflection-bandwidth
characteristics for the composite diaphragm presented in this paper
closely match these numbers for real-life flight applications and thus
provide a new, mechanically simple, lightweight, and low-power
alternative to piezoceramic and electromagnetically driven synthetic
jet designs. The device incorporating this new actuation scheme is
referred to by the authors as an electroactive polymer synthetic jet, or
E-jet.

Table 1 shows a comparison of synthetic jet actuator performance
as reported in the available open literature. It is difficult to compare
across all metrics, because not all research programs have con-
sistently reported the same data, due to each program having varying
objectives and purposes. Nevertheless, the table gives some idea of
the range of available synthetic jet actuator designs and their relative
characteristics. It is clear from the table that the E-jet’s acrylic
dielectric elastomer diaphragm affords it a unique niche in the range
of available synthetic jet options for low-speed active flow control.

Table 1 clearly shows that the E-jet has a low-frequency, high-
displacement active mechanism that generates reasonable jet ve-
locities in a compact, lightweight, and low-power form factor. It is
worth emphasizing that although the E-jet actuation mechanism
requires a high voltage, it requires small amounts of power to drive it,
allowing for compact and lightweight power supplies to be used. The
E-jet is also easily scalable.

The experimental observations of membrane behavior described
in this paper represent a new contribution to experimental membrane
dynamic studies. Although the study ofmembrane vibrationsmay be
traced back more than three centuries, and dozens of papers on
theoretical membrane analysis may be found in the literature, only a
small number of experimental membrane studies are currently
available [22]. These results thus represent an important contribution
to the experimental study of membrane dynamics and can be used to
inform future membrane modeling efforts.

This work also represents the first known study to report a distinct
increase in synthetic jet performance by employing membrane
structural dynamics higher than the fundamental. All known
preceding papers [18,23–35] that address the performance of
synthetic jets employing the ubiquitous circular or rectangular
diaphragm have focused analysis and experimental assessment on
the first membrane mode or have approximated it as a piston. It is
intuitive that the first membrane mode would give the best
performance in similar cases, due to it having the highest net
displacement and thus moving the largest volume of air. However,
what makes the results presented in this paper distinctly different
from prior works is that the first membrane mode does not give the
best performance, thus presenting a new and nonintuitive result.

For the highly nonlinear E-jet system, a higher-order mode
provides dramatically better performance over the fundamental.
What will be of particular interest to other researchers is that the
demonstrated and significant improvement in performance that using
higher-order modes brings in this particular type of system may be
applicable to their own similar devices as well as to other new
actuation schemes. The result also has a significant impact on
assumptions that go into future efforts to model the E-jet device. The
advantage of using higher-order modes for this type of system exists
due to the improvement in performance that is gained by matching
the diaphragm, chamber, and nozzle subsystem impedances. The
concept of exploiting higher-order modes to gain increases in
membrane-driven synthetic jet performance may be applicable to
other synthetic jet designs and, as such, represents a new operating
paradigm for similar classes of systems with low-mechanical-
impedance driving mechanisms.

The remainder of this paper describes the device and the
experimental techniques employed to study it and discusses the
dynamic operating characteristics of this new mechanism for
actuating a synthetic jet: a resonating electroactive polymer com-
posite diaphragm.

II. E-Jet Device

The E-jet system is composed of three functional subsystems [36]:
1) the low-mechanical-impedance active composite diaphragm,
2) the resonant chamber, and 3) the nozzle, sometimes referred to in
the literature as an orifice. Figure 1 shows that the device itself is
assembled from three components: 1) the acrylic dielectric elastomer
membrane, 2) the compliant electrode (including the electrical
leads), which together comprise the active composite diaphragm
subsystem, and 3) the rigid structure, which makes up both the
chamber and nozzle subsystems.

A mechanically simple strategy for actuating a synthetic jet is to
place a transversally vibrating membrane at one end of a partially
enclosed chamber. As it vibrates, the membrane alters the chamber
volume periodically, forcing the air in and out of the surrounding
structure through a nozzle. E-jets employ just such a vibrating
membrane for actuating the synthetic jet.Whereas previous synthetic
jet designs have employed relatively stiff membranes (e.g., piezo-
crystal diaphragms) with small vibrational displacements at rel-
atively high frequencies [3], E-jets are actuated using a low-elastic
modulus elastomer that is operated at low frequency and large
displacement to induce a sufficient jet velocity out of the nozzle.
Thomas [37] recently compared the displacement, force, efficiency,
and actuation frequency performance for a variety of actuation
materials and strategies currently being researched or already in use.
The E-jet employs an acrylic dielectric elastomer as the active
material. This material, as described by Thomas [37], has a com-
promise of qualities that make it a useful candidate for application to
the synthetic jet actuator design space for low-speed active flow
control applications.

To vibrate the membrane, E-jets take advantage of a simple
compliant capacitor actuation principle. A strong electric field is
applied across themembrane thickness through compliant electrodes
applied to opposing membrane surfaces. One side of the membrane
acts as the cathode, and the other acts as the anode. Applying an
electric field induces a pressure across the membrane thickness,
known as Maxwell stress. This pressure acts to compress the
membrane in the thickness direction in the area sandwiched by the
electrodes. The induced pressure across the membrane thickness is
related by the equation [38]

P� "r"0E2 � "r"0
�
V

t

�
2

(3)

where "r is the dielectric constant of the elastomer membrane
material, "0 is the relative permittivity of free space, E is the electric
field strength, V is the applied voltage, and t is the thickness of the
membranematerial. Because the acrylic elastomer used in the testing
(3M’s VHB4905) has a Poisson’s ratio very close to 0.5, it may be
considered incompressible. Thus, the volume of the membrane
material remains constant during actuation. Because of an applied
membrane prestrain, the membrane is biased to expand in the
x–y plane orthogonal to the applied electric field (z). Induced
pressure in the membrane thickness direction decreases the mem-
brane thickness, resulting in an expansion of the membrane area
sandwiched by the electrodes. By simultaneously increasing the area
of the membrane and reducing its thickness, the effective stiffness of
the membrane is thus locally reduced in the area covered by the
electrodes.

The elongation directions x and y are referred to in this paper as the
directions of excitation. Figure 2 shows two photographs
superimposed on one another. One photograph is taken with a
4000 V field applied (the larger-diameter shadow image), and one is
taken with no field applied. The change in area covered by the
electrode (black material) can be seen. Note that the membrane

SLIPHER AND HUBBARD 1389



material itself is transparent. In this particular image, a 21%change in
area is achieved through a steady application of the electric field.
Although the required operating voltage is high, the total power
required during operation is low and is typically measured in tenths
of a watt rms at maximum power consumption.

The membrane vibrations are excited using either a sinusoidal or
square wave voltage signal at a resonant frequency, thus periodically
varying the effective stiffness of the membrane. A dc bias is applied
to the periodic excitation voltage signal to maintain a periodic
voltage potential that is always positive. This dc bias is convenient

Table 1 Comparison of zero-net mass-flux synthetic jet actuators from data reported in the open literaturea

Mechanism Frequency,
Hz

Stroke Velocity at
nozzle

Power Mass Chamber
shape

Chamber size Nozzle
shape

Nozzle size

2009 [14]
(University of
Florida),
magnetically
driven composite
diaphragm 50–200 Hz N/R 35 m=s N/R 80 g Cylinder

D� 30 mm;
L� 20 mm Cylinder

D� 2 mm;
L� 1 mm

2007 [15]
(University of
Maryland),
composite acrylic
dielectric
elastomer
diaphragm 250 Hz

2 mm,
typical peak
displacement 25 m=s 0.4 W rms <10 g Cylinder

D� 50:8 mm;
L� 22:5 mm Cylinder

D� 12:7 mm;
L� 5:33 mm

2007 [3] (University
of Maryland),
Thunder
composite
piezoceramic
diaphragm 2200 Hz 0.065 mm 40 m=s 12 W 8 g Cylinder

D� 32 mm;
L� 6:1 mm Cylinder

D� 1:1 mm;
L� 1:5 mm

2006 [16]
(University of
Maryland), dual
recurved
piezoceramic
composite
diaphragms 145 Hz 1.1 mm 20 m=s N/R 50 g Rectangle

L� 73:7 mm;
W � 8:7 mm;
H � 22:9 mm Rectangle

L� 76:2 mm;
W � 1:14 mm

2005 [17](University
of Washington),
ferromagnetic
shape memory
alloy composite
diaphragm 220 Hz 1 mm 190 m=s 100 W 1360 g

Cylinder
(dual)

D� 64 mm;
L�N=R Rectangle

L� 5 mm;
W � 1 mm

2002 [13] (Texas
A&M University),
electric motor
driven piston-
cylinder 130 Hz 22 mm 90 m=s

135 W
per

piston
(x6) N/R Rectangle

L� 24:1 mm;
W � 6:35 mm;
H � 44:7 mm Rectangle

L� 150 mm;
W � 2 mm

2001 [18] (U.S. Air
Force Academy),
piezoceramic
composite
diaphragm 700 Hz N/R 8:7 m=s N/R N/R Cylinder

D� 30 mm;
H� 2 to
7.62 mm Rectangle

L� 30 mm;
W � 0:5 mm

2000 [9] (United
Technologies
Research Center),
cavity pressure-
speaker
(voice coil) 50–200 Hz N/R

7 to
23 m=s 2 to 50 W N/R N/R N/R Rectangle

L� 500 mm;
W � 6:4 mm

2000 [19] (NASA
Langley Research
Center), dual
piezoceramic
composite
diaphragms 400 Hz 0.5–1.0 mm 60 m=s N/R N/R Cylinder

D� 50 mm;
L�N=R Rectangle

L� 35 mm;
W � 0:5 mm

2000 [20] (The
Boeing
Company), dual
half-cylinder
composite PVdF
diaphragms 25 Hz 8.3 mm 7:2 m=s N/R N/R Rectangle

L� 75 mm;
W � 25 mm;
H� 19 mm Rectangle

L� 19 mm;
W � 0:75 mm

1997 [21] (Georgia
Institute of
Technology),
piezoceramic
composite
diaphragm

500–
1000 Hz N/R 25 m=s N/R N/R Rectangle

L� 76:2 mm;
W � 12:7 mm;
H � 710 mm Rectangle

L� 75 mm;
W � 0:5 mm

aN/R indicates that the metric was not reported in the cited work.
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because a pressure is generated by the electrodes regardless of the
direction of the electric field potential, and an unbiased signal would
therefore be exciting the membrane at twice the frequency of the
input signal and at only 1

2
the electricfield strength. Figure 3 illustrates

how the E-jet device operates using the resonating membrane to
move air in and out of a chamber. It also shows how membrane
actuation direction (i.e., the direction of vibration) is parallel to the
direction of the applied electric field and thus transverse‡ to the
excitation direction.

When the electric field is applied periodically at a membrane
resonant frequency, the effective stiffness of the membrane is
cyclically altered at the same frequency. When this varying stiffness
is combined with a self-induced out-of-plane perturbation, the
membrane self-excites in a drummode correlated with the frequency
of excitation. Figure 4 shows an on–off–on sequence of membrane
excitation at the resonant frequency of the first membrane mode
shape (0,1). The figure is included to clarify the transverse nature of
the membrane’s vibratory displacement versus the excitation
direction.

Once the resonant frequency excitation is introduced and is
combined with the out-of-plane perturbation, the membrane system
quickly attains a steady-state vibration. Experimental data
representing the time history of this process are presented in Fig. 5,

which indicates membrane displacement measured at a discrete
offcenter point versus time.

Steady-state vibration is easily maintained by running the
excitation signal continuously at the appropriate resonant frequency.
Because the E-jet system is essentially a self-exciting drum, a drum
harmonic series is considered for a baseline comparison rather than
the more typical harmonic series.§ Figure 6 shows the harmonic
frequency spacing relative to the fundamental modal frequency (f1)
as well as the location of the diametral and circumferential nodes for
classical axisymmetric membranemodes. It has been experimentally
verified that any one of the classical membrane modes may be
excited and maintained in the described manner up to and including
membrane mode (4,1). It was difficult to experimentally verify the
effective excitation of modes higher than (4,1), due to the tendency
of the thin membranes to tear and due to occasional destructive
electrode arcing effects that increase in likelihood with increased
strain gradients across the membrane and electrode surfaces.

III. Experiment

The membrane material used in these experiments was a self-
adhesive 3M elastomer known as VHB4905. The elastomer was
biaxially prestrained 100% by 100% in the x and y directions to bias
its actuation and was then mounted to a rigid frame. Prestraining the
elastomer has additional beneficial and detrimental effects described
by Choi et al. [39]. A thin layer of compliant electrode material
composed of a carbon suspension in silicon oil combined with a
thickening agent was equally applied to both sides of the membrane.
Simple holes of various diameters were drilled in stiff plastic plates
of varying thicknesses to form the different chamber nozzles.
Figure 7 shows the basic experiment layout used to measure E-jet
performance.

For the experiments discussed in this paper, membranes were
manually assembled. This procedure made it somewhat difficult to
control the mass and mass distribution across the membrane surface
to close tolerances. Despite the resulting small variations in device
construction, the vibrational characteristics of the membrane and the
modal correlation with performance were consistent and repeatable.

Membrane displacement data were collected at a discrete mem-
brane point usingMTI Instrument’sMicrotrak II (LTC-120-20) laser
displacement sensor. The selected location for the discrete laser point
was approximately one-quarter radius to the left of the membrane
center, where it was least likely to be coincident with a membrane
node. Auditory signals, whichwere used as onemethod of resonance
detection, were picked up using a Sony ECMmicrophone. The input
current and voltageweremeasured from the Trekmodel 609E-4 high
voltage amplifier’s built-in sensors. Pressure in the chamber and
dynamic pressure at the nozzle exit were measured using two 5 in.
H2O D-4V pressure transducers from All Sensors Corporation. The
dynamic pressure at the nozzle exit was transmitted to the pressure
transducer using a pitot tube with a 1-mm-diam opening and overall
length of tubing of 10 cm. The authors were aware that using a pitot
tube for oscillating pressure measurements would result in lower
detected dynamic pressures and velocities due to attenuation of the

Fig. 1 E-jet device components and assembly diagram;membrane and

electrode thicknesses are not shown to scale.

Fig. 2 Membrane excitation due to applied electric field.

Fig. 3 Basic E-jet system diagram.

‡Data available online at http://www.morpheus.umd.edu/research/active-
flow-control/ejet.html [retrieved 10 April 2009].

§Data available online at http://music.nebrwesleyan.edu/wtt/index.html
[retrieved 10 April 2009].
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pressure signals in the tubing. Every precaution was taken to
minimize the effects of pressure signal attenuation, including using
the largest-diameter probe that was possible as well as keeping the
tubing as short as possible [40]. Therefore, the velocities and
pressures reported in this paper should be considered by the reader as

minimum values, with the actual values being somewhat higher.
Comparisons between induced velocities for each membrane mode,
the main point of this paper, remain valid despite the presence of
some pressure signal attenuation.

Data acquisition and experiment control were performed using a
dSpace 1005 system. Data for each performance metric were
sampled at 5 kHz. For the stroboscopic imaging, a Monarch
Instruments stroboscope was used that was triggered by the
excitation signal and was frequency-shifted to show a constant 1 Hz
vibration at steady state. Video images of the stroboscopic tests were
captured at 30 Hz using a digital camcorder. Scans of the membrane
steady-state vibrations were performed using a PSV400 scanning
laser vibrometer from Polytec.

IV. Parametric Device Study

During early device characterization, certain trends were deter-
mined [15]. Table 2 shows the device trends, including trends in
transverse membrane displacement (displace), induced velocity at
the nozzle exit (jet velocity), operating frequency at which best
performance was observed (operating frequency), suppression of
lower-frequency membrane mode shapes (low-frequency suppres-
sion), device power consumption, and the amount of time it takes the
device to reach steady-state operation once the excitation is
introduced (response).

The device behavioral trends that are listed across the top of
Table 2 are related to decreasing values of device parameters listed
down the left-hand side. Some parameter/trend combinations had no
clear relationships and others had strong correlations. For instance,
as the nozzle diameters or nozzle lengthswere decreased, the induced
velocity at the nozzle exit was increased, as would be expected.
However, also as expected, this was a limited trend, in that as the
nozzle length-to-diameter ratio approached a critical value, the
viscous forces in the nozzle began to dominate, causing the induced
velocity to drop off. Also, as the nozzle diameter is reduced, the
suppression of low-frequency membrane modes is increasingly
present, due to an increase in system impedance. It is this low-
frequency suppression behavior that necessitates operation of the
device at appropriate higher energy modes to achieve sufficiently
high induced jet velocities.

Fig. 4 Transverse vibration ofmembrane due to excitation at resonance (on–off–on sequence), with electrode border highlighted at the peakmembrane
displacements (�) in the leftmost image.

Fig. 5 The membrane response to periodic excitation [displacement

(millimeters) vs time (s)].

Fig. 6 Drum resonant modal series, displaying locations of circum-

ferential and diametral node lines.

Fig. 7 E-jet characterization experiment layout: rear view (left) and front view (right).
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Table 3 shows a subset of the experimental results from the
parametric testing that was used to gain intuition about the system
and to select a best-performing device geometry for subsequent
testing. The table includes the variables chamber length Lc, nozzle
diameterDn, nozzle length Ln, electrode diameterDe, maximum jet
velocity at the nozzle exit Vmax, membrane vibration frequency at
maximum velocity Fm, peak detected membrane displacement at
maximum velocity Zmax, peak-to-peak voltage amplitude Vpeak, and
rms power consumed at maximum velocity Wrms. All testing
indicated in Table 3 employed a 50.8-mm-diam chamber and
membrane. Themembranewas biaxially prestrained 100 � 100%. In
addition to the observed device trends described previously, themain
conclusion the authors drew from the parametric testing is that this
actuation scheme requires consistently small amounts of power over
a wide range of device parameters.

In Table 3, the best-performing configuration is shown in bold for
each test set, and the best-performing geometry selected from the
configurations tested is shown in italics. The best-performing device
geometry was selected based on lowest power consumption and
highest induced-velocity performance from the preliminary
parametric device characterization tests. It was this selected
geometry that was used during subsequent modal testing. The
selected device geometry was defined by a 5.1-cm-diam by 2.3-cm-
long chamber, a 1.3-cm-diam by 0.5-cm-long cylindrical nozzle, and
a 5.1-cm-diam by 0.03-mm-thick membrane.

Figure 8 shows typical data collected during a frequency sweep
characterization for the selected E-jet device configuration. Both the
presence of multiple resonances and the dramatically increased
velocity performance, indicated by the high dynamic pressure at the
nozzle, at one particular higher resonance are clear in the top graph,

showing the fluctuating pressures inside the chamber and at the
nozzle exit. Figure 8 also shows the identified resonant frequencies,
with increasing label number associated with increasing excitation
frequency at which the resonance was observed as well as the
classical membrane mode shape associated with the numbered
resonant frequency. The reader should note the low or nonexistent
induced pressures for the membrane modes containing diametral
nodes despite the large-amplitude vibrations: in particular, numbers
2, 3, 7, and 8. Because of nodal symmetry on the membrane, these
modes induced a negligible volume changewithin the chamber. This
would have been expected for the third membrane mode shapes as
well (numbers 5, 6, 11, and 12) in an ideal system; however, these
mode shapeswere not perfectly symmetric, due to small asymmetries
in the membrane construction. These asymmetries were chiefly
caused by the radially asymmetric stiffness and mass distributions
introduced by the electrode leads.

Frequency sweep characterizations were performed using a
sinusoidal excitation at constant peak-to-peak voltage amplitude
with linearly increasing excitation frequency. Resonant frequencies
were identified by using pressure and displacement data when a
chamber was included with the system and by using displacement
and auditory signal data when the membrane was considered alone.
Displacement data were inconclusive as an indicator of the relative
magnitudes ofmodal displacements, because theseweremeasured at
a discrete point on the membrane and thus could potentially be in
proximity to a node. Nevertheless, displacement data proved to be
the most sensitive means of identifying system resonances. As
mentioned previously, the location of the discrete displacement
measurement was carefully chosen to avoid, as much as possible, the
likelihood of being coincident with a membrane node.

Table 2 Observed E-jet device trends from parametric testing

Metric trenda

Decreasing parameter Displace Jet velocity Operating frequency Low-frequency suppression Power consumption Response

Nozzle diameter | =" # " " |
Nozzle length | =" " # # |
Electrode area (mass) # " " | # #
Peak-to-peak voltage # # | | # #
Chamber height | | " | | |

aThe symbols " denote increasing trend,="denote limited trend, # denote decreasing trend, and | denote no clear trend.

Table 3 Selected experimental results from the E-jet parametric testing matrix

Lc, mm Dn, mm Ln, mm De, mm Vmax, m=s Fm, Hz Zmax, mm Vpeak, V Wrms, W

92.2 50.8 0.0 25.4 8.0 253 0.74 4000 0.67
92.2 12.7 25.4 25.4 9.8 196 1.41 4000 0.53
92.2 12.7 12.7 25.4 12.0 204 1.48 4000 0.40
92.2 12.7 5.3 25.4 11.5 210 1.41 4000 0.38
92.2 6.4 25.4 25.4 7.6 175 1.60 4000 0.63
92:2 6:4 5:3 25:4 14:8 190 1:39 4000 0:42
42.2 50.8 0.0 25.4 11.7 285 1.63 3500 0.96
42.2 12.7 25.4 25.4 11.6 223 1.18 3500 0.38
42.2 12.7 12.7 25.4 10.8 224 1.09 3500 0.50
42.2 12.7 5.3 25.4 12.5 230 1.40 3500 0.76
42.2 6.4 25.4 25.4 9.8 227 9.52 3500 0.68
42.2 6.4 12.7 25.4 9.2 229 1.28 3500 0.52
42:2 6:4 5:3 25:4 15:0 234 1:41 3500 0:38
22.5 50.8 0.0 25.4 10.9 284 0.99 3500 0.46
22.5 12.7 25.4 25.4 11.3 248 1.70 3500 0.33
22.5 12.7 12.7 25.4 12.9 255 1.25 3500 0.29
22.5 12.7 5.3 25.4 14.8 263 1.15 3500 0.26
22.5 6.4 25.4 25.4 8.8 238 1.54 3500 0.47
22.5 6.4 12.7 25.4 10.5 240 1.29 3500 0.40
22.5 6.4 5.3 25.4 13.5 245 1.40 3500 0.35
22.5 12.7 5.3 25.4 16.5 250 1.22 4000 0.79
22.5 12.7 5.3 25.4 14.4 250 0.82 3500 0.49
22:5 12:7 5:3 12:7 17:5 282 1:16 4000 0:36
22.5 12.7 5.3 12.7 14.8 282 0.72 3500 0.20
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V. Stroboscopic Study

To qualitatively associate mode shape with device performance, a
stroboscopic study was first performed. For this study, stroboscopic
tests were performed at each resonant frequency detected during
frequency sweep characterizations. For each stroboscopic test, the
device was run at a single excitation frequency corresponding to one
of the detected resonances for 5–10 s, during which time device
performance metrics were recorded and the membrane dynamics
were filmed. The stroboscope timing was slightly frequency-shifted
from the membrane dynamics to slow down the dynamics enough to
be detected by the video camera and the naked eye. It was quickly
verified that membrane vibrational modes that included diametral
nodes consistently yielded lower jet velocities than did modes with
only circumferential nodes. Also verified were the presence of
membrane modes that appeared to be classical in nature. Figure 9
shows the large displacements involved for the thin (0.03 mm)
membrane as well as the significant variation in induced velocity for
mode shapes approximating the second, third, and fourth classical
membrane modes for one such stroboscopic test. Induced-velocity
amplitude at the nozzle exit was 3, 4, and greater than 20 m=s for
modes 2, 3, and what resembled mode 4, respectively. The first
membrane mode is difficult to resolve in the photographic images,
and so it is not included.

Fig. 8 A characteristic excitation frequency sweep response of an E-jet system. System resonances detected during scanning are indicated by circled

numbers, and the associated membrane mode shape is indicated to the right. Orthogonally oriented paired modes are indictaed by bracketed numbers.

Excitation was shut off at 620 Hz.

Fig. 9 Diaphragm diagram and still images taken from the stro-

boscopic study showing the second, third, and what appeared to be the

fourth membrane mode shapes clockwise from top right.
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VI. Laser Vibrometer Study

Once the stroboscopic study had verified both the presence of
approximately classical modes and the association between
diametral node lines and compromised velocity performance, a
laser vibrometer study was designed to quantify the modes and
corresponding velocity performance. Scanning laser vibrometer tests
were performed to both identify and measure modal influence on
device performance and to investigate the influence that device
parameters such as electrode shape, electrode orientation, membrane
prestrain, chamber size, and nozzle size had on the membrane
dynamics. For purposes of brevity, only the results relating to the
chamber and nozzle are discussed in this paper. Figure 10 shows the
orientation of the scanning laser vibrometer with respect to the
bench-mounted E-jet as well as the scanning grid used in each of the
vibrometer tests.

These two images are included in this paper to affirm the
assumption that any shift in point location on the membrane surface
is negligible, due to the small angles and small (relative to the
dimensions of the lab setup) transverse membrane displacements
involved, which were on the order of millimeters. The scanning grid
represents a total sweep in angle of approximately 3.7 deg across the
membrane as measured from the laser origin. The distance between
grid points is approximately 0.45 cm on the membrane, which
represents a sweep angle of approximately 0.34 deg between grid
points.

All vibrometer scans involved first performing a sine sweep
characterization of the system to identify the detected resonant
frequencies and then scanning the full membrane at each identified
resonance. The results of the scans are presented as plots of
membrane vibrational velocity isolines superimposed over an image
of the membrane taken by the vibrometer during each test. Each scan
is paired with the fast Fourier transform of the vibrometer data. The
results of every scan relating to the content discussed in this paper are
included in Appendix A.

The scans of the combined system (membrane, chamber, and
nozzle) for the selected device geometry in Figs. A1–A12 represent
the vibrometer scanning data for each of the resonances indicated in
Fig. 8 and are displayed in ascending order of excitation frequency
supplied as a dc-offset sinusoid at 3300 V peak to peak.

The vibrometer scans for the membrane alone without a chamber
or nozzle attached are shown in Figs. A13–A18. The membrane was
different from that used for the combined system scans indicated in
Figs. A1–A12.

The vibrometer scans for the membrane with the chamber and
nozzle subsystems attached are shown in Figs. A19–A24. The same
membrane was used as for membrane-alone scans indicated in
Figs. A13–A18. These figures result from an excitation of 3600 V
peak to peak.

The vibrometer scans for the membrane with a fully enclosed
chamber subsystem attached (i.e., sealed-off nozzle subsystem) are
shown in Figs. A25–A31. The same membrane was used as in the
scans indicated in Figs. A13–A18 and Figs. A19–A24.

Each full vibrometer scan lasted 50 s, because the dwell time at
each of the 100 grid points was set to be 1

2
s. For the large majority of

resonant frequencies identified, the membrane exhibited clean
steady-state vibrations that yielded clean vibrometer scans. There
were occasionally, however, resonant frequencies at which the
vibrations were not entirely steady throughout the entire scan time,

making the vibrometer scan difficult to perform, although not
impossible. One such scan is shown in Fig. A9 in Appendix A. The
authors were also able to observe the unsteady vibrations with the
naked eye using the stroboscope.

Two complete sets of vibrometer tests, out of a total of 13 sets,
are discussed in this section. The first set of tests (indicated in
Figs. A1–A12) was performed to gain a better understanding of the
contribution and nature of the most significant membrane mode that
consistently yielded the best velocity performance, hereafter referred
to as the jet mode. This first set of vibrometer tests relates directly to
the data presented in Fig. 8, which were used to identify each of the
resonant excitation frequencies at which to scan. The results from the
scans in the first set of tests, referred to as the jet-mode tests, are
included in their entirety in Appendix A. For this set of tests, the
evaluated system included the membrane, the chamber, and the
nozzle subsystems. The resulting vibrometer scans revealed that the
membrane subsystem exhibits paired modes as well as a repeated
modal series. An example of two paired modes can be seen in
Figs. A2 and A3. Note that the paired modes are close together in
frequency, but are orthogonal to one another in shape. The repeated
modal series occurred as the excitation frequency was increased.
For each integer multiple of the fundamental modal frequency, the
excitation frequency excited that mode. For instance, the fun-
damental modal frequency for the second mode was 177.5 Hz, as
shown in Fig. A2. As the excitation frequency was increased to
approximately twice the fundamental frequency of the secondmode,
that mode reappears in the system, but at a higher energy level, as
shown in Fig. A7. This trend of repeating series was later verified for
the third and fourth excitation frequency multiples of the membrane
resonant frequencies.

When the excitation frequency is matched to the vibrational
frequency, the membrane is being forced to return to the plane once
per cycle when the voltage drops off and themembrane is returned to
its nominal condition of maximum effective stiffness. Likewise,
when the excitation frequency is twice the vibrational frequency, the
membrane is being forced twice per cycle and so attains greater
vibrational amplitude due to the higher energy input into the system.
All detected modes were observed repeating in the experiments,
except for the first membrane mode, which was not observed to
repeat.

The experimentally observed presence of paired modes, the
observed repeated modal series, and the method of exciting these
higher-order modes by periodically varying membrane stiffness
represent a new contribution to experimental membrane dynamic
studies. Because only a small number of experimental membrane
studies [22] are currently available in the literature, these results thus
represent an important contribution to the experimental study of
membrane dynamics and can be used to inform future membrane
modeling efforts.

Although these are intriguing new results, the principal objective
of the jet-mode tests was to identify, quantify, and describe the jet
mode as it relates to E-jet device performance. The jet mode is
shown in both Fig. A4, representing a once-per-cycle forcing, and
in Fig. A10, with a twice-per-cycle forcing. Because of excitation
at twice the vibrational frequency of the mode shown in Fig. A10,
it exhibited a much greater induced velocity of �16 m=s at the
nozzle exit, as opposed to �7 m=s for the same mode shape in
Fig. A4. Again, this was due to a higher energy input to the
membrane at the higher excitation frequency. Although the mode
appears in the stroboscopic study images such as the classical
fourth membrane mode, the vibrometer scans reveal that it is
not. Notably, the jet mode appears third in order of increasing
vibrational frequency, rather than fourth, as would be expected in
the classical case. Although the jet-mode shape does contain a full
circumferential node, its location is closer to the center than would
be expected, and the outer vibrational ring is not complete,
appearing almost as a (1,1) mode shape for an annular membrane
[41]. It appears from this set of vibrometer scans that the jet mode
is some type of degenerate mode. More analysis must be performed
to fully characterize and understand the jet mode. The authors
conclude from this set of tests that one higher-order vibrational

Fig. 10 Laser vibrometer laboratory setup (left image), and 100-point

scanning grid projected onto a photo of the 5-cm-diammembrane (right

image). The electrode shown is 2.5 cm in diameter.
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mode (the jet mode) is to be exploited for best device performance
and that best results are obtained when the excitation frequency is
twice the vibrational frequency of the jet mode.

The second set of vibrometer tests discussed in this paper was
performed to isolate coupling effects between the membrane,
chamber, and nozzle subsystems. The results of these tests are also
included in Appendix A. A new membrane was assembled and used
for all of the coupling tests. For the first portion of the coupling tests,
the membrane subsystem was examined alone without any chamber
or nozzle attached. These results are shown in Figs. A13–A18. The
same procedure was followed, first performing a sine sweep to
identify the resonant frequencies. Auditory signal replaced chamber
pressure as the second set of data used to identify resonances in
addition to membrane displacement.What is interesting to note from
these tests is that for the membrane subsystem alone, the jet mode
does not appear. From this result, the authors inferred that the jet
mode is coupled to either the chamber subsystem, the nozzle
subsystem, or to both.

The second portion of the coupling tests involved testing the
membrane in combination with both the chamber and the nozzle
subsystems. The results are shown in Figs. A19–A24. The jet mode
once again appears in this set of coupling tests.

In the final portion of the coupling tests, the nozzle was sealed off
so that only the membrane and chamber subsystems were included.
The results for these tests are shown in Figs. A25–A31. The jet mode
appears once again. Note the increased amplitude seen in Fig. A29
without the nozzle when compared with Fig. A22 with the nozzle,
which implies that the predominant coupling effect is due to the
chamber. Also, note the reduction in frequency associated with the
sealed off nozzle. This is consistent with a system coupled to the
chamber, because the acoustical resonant frequency of the chamber
is reduced as the nozzle diameter is reduced, attaining a minimum
value when the nozzle diameter is zero.

VII. Conclusions

The influence of membrane structural dynamics on membrane-
driven synthetic jet performance for a new synthetic jet actuation
method employing electrically excited acrylic dielectric elastomer
membranes was investigated. Classical membrane mode shapes
have been identified as the predominant characteristic of the
dynamic membrane subsystem, which is used as the jet actuator in
the E-jet device. Overall device performance has been determined
to be highly dependent on which mode is excited on the membrane.
One particular higher-order mode, the jet mode approximating the
appearance of the fourth classical membrane mode and exhibiting

degenerate characteristics, gives dramatically better induced-
velocity performance at the nozzle than any other membrane mode.
Furthermore, the jet mode yields the best device performance when
it is excited at twice its vibrational frequency. The jet mode
exhibits clear coupling with the chamber subsystem, because it
does not appear when the chamber subsystem is not included.
Further work is needed to more fully understand, characterize, and
model the fluid–structure coupling behavior exhibited by the
device and the resulting correlation with overall synthetic jet
velocity performance.

This paper has presented a new means of generating a synthetic
jet using a thin, low-modulus, acrylic dielectric elastomer. This new
method of actuation represents an attractive, mechanically simple,
lightweight, and efficient low-power alternative to piezoceramic and
electromagnetically driven synthetic jet designs. The experimental
membrane dynamics results presented in this paper represent a new
contribution to the experimental study of membrane dynamics and
will be used by the authors to inform future membrane and
device modeling efforts. This paper has also presented the first
documented case in which the application of higher-order mem-
brane vibrational modes is clearly associated with significant
increases in synthetic jet performance. The authors believe that the
methodology of exploiting higher-order modes to gain increases in
membrane-driven synthetic jet performance may be applicable to
other synthetic jet designs and, as such, may represent a new
operating paradigm for similar classes of systems with low-
mechanical-impedance driving mechanisms.

Because of the low frequency of operation and good induced
nozzle velocity performance of greater than 25 m=s, the E-jet
seems to be well suited to low-speed active flow control applications.
Planned directions for future work include developing an experi-
mentally validated geometrically and materially nonlinear finite
element model for the coupled fluid–structure system to more fully
explore the device design space, deriving a lumped-parameter model
approximation of the system, optimizing the device design using
impedance matching techniques, testing a better electrode material
less prone to arcing during operation, developing a more automated
device assembly process, and implementation and testing of an E-jet
array on a test article. The authors expect to encounter a significant
impact to future lumped-parameter modeling efforts, due to the
change in the traditional assumption of a piston or first membrane
mode shape to the higher-order coupled jet mode.

Appendix A: Vibrometer Scans

Fig. A1 Vibrometer scan at the first detected resonant frequency at 157 Hz excitation and 78 Hz vibration with a maximum rms vibrational velocity of

0:113 m=s at the center. Induced nozzle velocity is negligible.
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Fig. A3 Vibrometer scan at the third detected resonant frequency at 188Hz excitation and 187.5Hz vibrationwith amaximumrms vibrational velocity

of 0:503 m=s at two points. Induced nozzle velocity is �2 m=s.

Fig. A4 Vibrometer scan at the fourth detected resonant frequency at 245.5 Hz excitation and 245 Hz vibration with a maximum rms vibrational

velocity of 0:403 m=s at a single point in the center. Induced nozzle velocity is�7 m=s.

Fig. A2 Vibrometer scan at the second detected resonant frequency at 177 Hz excitation and 177.5 Hz vibration with a maximum rms vibrational

velocity of 0:397 m=s at two points. Induced nozzle velocity is negligible.
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Fig. A6 Vibrometer scan at the sixth detected resonant frequency at 284Hz excitation and 285Hz vibrationwith amaximumrms vibrational velocity of

0:499 m=s at four points. Induced nozzle velocity is�4 m=s.

Fig. A7 Vibrometer scan at the seventh detected resonant frequency at 365 Hz excitation and 182.5 Hz vibration with a maximum rms vibrational

velocity of 1:16 m=s at two points. Induced nozzle velocity is�5 m=s.

Fig. A5 Vibrometer scan at the fifth detected resonant frequency at 263.5 Hz excitation and 262.5 Hz vibration with a maximum rms vibrational

velocity of 0:453 m=s at four points. Induced nozzle velocity is �5 m=s.
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Fig. A9 Vibrometer scanat theninth detected resonant frequency at 400Hz excitation and400Hzvibrationwith amaximumrmsvibrational velocity of
0:299 m=s near the center. Induced nozzle velocity is �4 m=s.

Fig. A10 Vibrometer scan at the 10th detected resonant frequency at 505.8 Hz excitation and 252.5 Hz vibration with a maximum rms vibrational

velocity of 1:21 m=s at the center. Induced nozzle velocity is �16 m=s (peak velocity for this test series).

Fig. A8 Vibrometer scan at the eighth detected resonant frequency at 384 Hz excitation and 192.5 Hz vibration with a maximum rms vibrational

velocity of 1:24 m=s at two points. Induced nozzle velocity is negligible.
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Fig. A11 Vibrometer scan at the 11th detected resonant frequency at 542Hz excitation and 270 Hz vibration with amaximum rms vibrational velocity

of 1:22 m=s at four points. Induced nozzle velocity is �7:5 m=s.

Fig. A12 Vibrometer scan at the 12th detected resonant frequency at 582Hz excitation and 290 Hz vibration with amaximum rms vibrational velocity
of 1:23 m=s at four points. Induced nozzle velocity is �6 m=s.

Fig. A13 Vibrometer scan at thefirst detected resonant frequency at 102Hz excitation and 101.6Hz vibrationwith amaximumrms vibrational velocity

of 0:071 m=s at the center.
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Fig. A14 Vibrometer scan at the second detected resonant frequency at 195.2 Hz excitation and 195.3 Hz vibration with a maximum rms vibrational

velocity of 0:055 m=s at two points.

Fig. A15 Vibrometer scan at the third detected resonant frequency at 380 Hz excitation and 191.4 Hz vibration with a maximum rms vibrational

velocity of 0:412 m=s at two points.

Fig. A16 Vibrometer scan at the fourth detected resonant frequency at 391 Hz excitation and 195.3 Hz vibration with a maximum rms vibrational

velocity of 0:368 m=s at two points.
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Fig. A17 Vibrometer scan at thefifth detected resonant frequency at 569Hz excitation and 285.2Hz vibrationwith amaximumrms vibrational velocity

of 0:403 m=s at four points.

Fig. A18 Vibrometer scan at the sixth detected resonant frequency at 588Hz excitation and 293Hz vibration with amaximum rms vibrational velocity

of 0:422 m=s at four points.

Fig. A19 Vibrometer scan at thefirst detected resonant frequency at 236Hz excitation and 234.4Hz vibrationwith amaximumrms vibrational velocity

of 0:057 m=s at the center.
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Fig. A20 Vibrometer scan at the second detected resonant frequency at 365 Hz excitation and 183.6 Hz vibration with a maximum rms vibrational

velocity of 0:677 m=s at two points.

Fig. A21 Vibrometer scan at the third detected resonant frequency at 378 Hz excitation and 187.5 Hz vibration with a maximum rms vibrational

velocity of 0:682 m=s at two points.

Fig. A22 Vibrometer scan at the fourth detected resonant frequency at 478 Hz excitation and 238.3 Hz vibration with a maximum rms vibrational

velocity of 0:467 m=s at the center.
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Fig. A23 Vibrometer scan at thefifth detected resonant frequency at 545Hz excitation and 273.4Hz vibrationwith amaximumrms vibrational velocity

of 0:726 m=s at four points.

Fig. A24 Vibrometer scan at the sixth detected resonant frequency at 566 Hz excitation and 281.3 Hz vibration with a maximum rms vibrational

velocity of 0:731 m=s at four points.

Fig. A25 Vibrometer scan at thefirst detected resonant frequency at 183Hz excitation and 183.6Hz vibrationwith amaximumrms vibrational velocity

of 0:094 m=s.
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Fig. A26 Vibrometer scan at the second detected resonant frequency at 206 Hz excitation and 207 Hz vibration with a maximum rms vibrational
velocity of 0:099 m=s at the center.

Fig. A27 Vibrometer scan at the third detected resonant frequency at 363 Hz excitation and 179.7 Hz vibration with a maximum rms vibrational

velocity of 0:718 m=s.

Fig. A28 Vibrometer scan at the fourth detected resonant frequency at 373 Hz excitation and 187.5 Hz vibration with a maximum rms vibrational

velocity of 0:696 m=s.
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