
 

1/4 

CHARACTERIZATION OF PIEZOELECTRIC ACTUATORS 
FOR FLOW CONTROL OVER A WING 
 
K. Mossi, R. Bryant 
Virginia Commonwealth University, Richmond VA, USA 
NASA Langley Research Center, Hampton VA, USA 
 
Abstract: 
During the past decade, piezoelectric actuators as the active element in synthetic jets demonstrated that they 
could significantly enhance the overall lift on an airfoil.  However, durability, system weight, size, and power 
have limited their use outside a laboratory.  These problems are not trivial, since piezoelectric actuators are 
physically brittle and display limited displacement.  The objective of this study is to characterize the relevant 
properties for the design of a synthetic jet utilizing three types of piezoelectric actuators as mechanical 
diaphragms, Radial Field Diaphragms, Thunders, and Bimorphs so that the shape cavity volume does not 
exceed 147.5 cm3 on a 7cm x 7cm aerial coverage.  These piezoelectric elements were selected because of their 
geometry, and overall free-displacement.  Each actuator was affixed about its perimeter in a cavity, and relevant 
parameters such as clamped displacement variations with voltage and frequency, air velocities produced 
through an aperture, and sound pressure levels produced by the piezoelectric diaphragms were measured. 
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Introduction 
 
Synthetic jets for flow control devices have been 
proven to be an effective tool to reducing drag and 
enhancing mixing [1].  Synthetic jet systems have 
been produced with speakers, compressed air, air 
pumps, and bimorph diaphragms among others. All 
of the above techniques add weight, require real 
estate, and add complexity to an airplane making 
these options impractical.  Piezoelectric actuators 
are an attractive solution because of their light 
weight, and fast-time response though piezoelectric 
actuators as part of complete mechanisms, 
machines, or devices are rare. One of the main 
reason for failure to find a suitable application for 
these devices is the boundary conditions dictated by 
the environment that the device would be used [2, 
3].  Piezoelectric actuators such as moonies [4], 
rainbows [5,6], unimorphs [7], thunders [8,9,10], 
bimorphs [11,12] and radial field diaphragms, RFD, 
[13,14] have been investigated for particular 
applications and some of their relevant properties 
are well documented.  Based on their documented 
properties, specifically geometry and free-
displacement, three actuators were chosen for a 
synthetic jet application with a zero net mass flow 
rate production.  Thunder, Bimorph, and RFD 
circular actuators were selected and tested in a 
cavity of constant size equipped with a slot.  The 
actuators were driven with different types of 
waveforms and frequencies.  Relevant parameters 
such as clamped displacement, frequency, and 
capacitance were measured in a previous study and 
the limitations and advantages were described [15].  
These preliminary results demonstrated that none of 

the three actuators possessed all of the 
characteristics needed to design a synthetic jet to be 
used for an effective flow control mechanism and 
that a combination of actuators are needed to 
achieve all the ideal characteristics of a synthetic 
jet.  In order to better understand the performance 
of these actuators, jet velocity was measured with 
the actuators in a cavity.  A baseline data of their 
performance was measured by quantifying the jet 
velocity through an aperture. 
 

Experimental Setup 
 

The three types of elements used for testing were; 
bimorphs, pre-stressed curved Unimorphs 
(Thunder), and Radial Field Diaphragms (RFD).  
All of the devices had a diameter of 63.5 mm.  The 
bimorph utilized consisted of two bonded 
piezoelectric layers manufactured by Piezo Systems, 
Inc. model number T216-A4NO-573X utilizing a 
type 5A material with nickel electrodes and a total 
thickness of 4.1 mm (each PZT layer 1.9 mm thick).  
The Thunder® devices manufactured by Face 
International Corporation consisted of layers of 
stainless steel type 304, 0.254 mm thick, PZT type 
5A, 0.254 mm thick and copper, 0.0254 mm thick, 
laminated using SI adhesive. The last group was the 
RFDs, manufactured by NASA Langley Research 
Center.  These devices consist of one PZT wafer 
laminated with epoxy between Kapton® films 
having etched copper inter-digitized electrode 
patterns. A schematic of the layout of these three 
types of devices is shown in Figure 1a, 1b, and 1c.  
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Fig. 1: Actuators Schematic for (a) Bimorph, (b) Thunder, and a 

(c) Radial Field Diaphragm 
 
Due to the fragility of each actuator, and their 
performance under specific boundary conditions 
(torque applied and placement), careful 
consideration to the design of a specific-device 
clamping mechanism was utilized.  It has been 
proven that the boundary conditions a piezoelectric 
actuator is subjected to in an application has a 
significant impact on the final performance of the 
device. For instance, Liew states that different 
boundary conditions and applied voltages affect the 
shape control of piezo-laminated composite beams 
[3].  The clamping torque on the device is constant 
and the placement in the cavity is tailored to each-
actuator.  For details see Mossi, et al. [15]. The 
cavity dimensions consist of two plates with a total 
height of 1.0 cm, length of 8.89 cm, and width of 
8.85 cm with a top plate cover. The top cover plate 
shown on the schematic of Figure 2, has a top plate 
with a slot width of 0.5207mm by 3.49cm for 
producing the air jet.  For this study, only one size 
slot was tested. All of the actuators were fastened 
between the top and bottom layer of the cavity as 
described above depending on the actuator type 
leaving one side open to the atmosphere. 
The measurements performed included air jet 
velocity at approximately 2 mm from the center slot 
exit, displacement of the actuator at the opposite 
end at the center as well, and applied voltage, 
frequency and waveform.  The equipment utilized 
included a hot wire anemometer coupled with an 
IFA-1000 flow analyzer, a LeCroy oscilloscope; a 
TREK voltage amplifier model PZD700, an 
HP33120A signal generator, a positioning system, 
and a non-contact Laser Nais LM10 system, and 
sound meter.  All the instruments were controlled 
and monitored through a PC using LabView® 
software. 
 

 
 

Fig. 2: Cross-Sectional Schematic of the Synthetic Jet Cavity 
 

Results 
 

A sinusoidal, square, and a saw tooth driving signal 
was utilized for the three actuators at their 
respective driving fields (thickness dependant).  It 
was observed that the velocity of the produced jet, 
independently of the type of actuator utilized, was 
stronger during exhaling and inhaling by using a 
saw tooth drive form.  To illustrate this effect, 
displacement was also monitored using a non-
contact laser simultaneously with the hot-wire 
anemometer (See Fig. 3).  
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Fig. 3: Saw Tooth Waveform at 5 Hz for a Typical Actuator 
 

Once the driving waveform was selected, air jet 
velocities produced were measured for the three 
types of devices at the appropriate driving voltages 
and frequencies in a one size cavity with a one size 
slot jet were measured for the three types of devices 
at the appropriate driving voltages and frequencies 
– actuator dependant. When performing these 
velocity measurements in the cavity with the 
different actuators, erratic velocity measurements 
were obtained at all driving frequencies independent 
of the driving voltage.  In order to investigate the 
source of variability, each actuator was tested by 
varying the applied torque, 28.25 N-cm, 42.37 N-
cm, and 70.62 N-cm to asses the variability of the 
results under different clamping forces.  The 
resulting velocities continued to be erratic 
independent of the clamping torque and type of 
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actuator.  It was observed that the resulting 
velocities fluctuated at audible tones so that a sound 
meter reproduced the variations observed with the 
hot-wire anemometer (See Fig. 4).   
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Fig. 4 Sound Pressure Level variation with Sound for a Typical 

Air Jet produced by a Piezoelectric Actuator. 
 

This is expected as sound is produced by the change 
in pressure levels, with some frequencies producing 
more noise than others. All testing was performed at 
low frequencies and the variations were not 
believed to be part of the Helmholtz cavity 
resonance since the theoretical values calculated for 
a cavity of this size is above 200 Hz 
[16].19Furthermore, jet velocities variations at some 
frequencies were not as evident, namely 5, 10, 
20Hz, etc.  To attempt to identify the source of the 
larger variations, the velocity was monitored over a 
period of 4 minutes by taking a snapshot of the jet’s 
velocity every minute at a frequency where 
fluctuations are minimal.  A typical output for any 
of the three actuators is shown in  Fig. 5.   

 
Fig. 5 Typical Variations of Jet Velocity with time at the same 
driving voltage and frequency for a Thunder Actuator 
 

Note that velocity varied from 4 m/s to 8 m/s during 
the 4 min span, so that a peak velocity is difficult to 
record.  To isolate the factors that produce this 
erratic behavior temperature was monitored for all 
actuators during testing.  No significant change in 
temperature, above or below ambient, was noted.  
After careful monitoring, it was observed that the 

variations could be caused by mechanical factors 
such as the boundary conditions (type of grooves 
machined in the cavity) and the applied torque to 
the holding mechanism and its effects on the saw-
tooth waveform and the inherent harmonics of the 
waveform itself. All three actuators were tested with 
different torques around their perimeter and 
displacement outside the cavity was measured in 
order to eliminate cavity frequency effects. The 
same variations over time observed in speed where 
also observed in displacement and applied voltage 
outside the cavity.  These results indicate that 
clamping maybe the cause of the variations since 
the three actuators had similar responses. A typical 
radial field diaphragm held at three different torque 
values is shown in Fig. 6 which consists of a 
magnification of the top portion of the monitored 
displacement waveform at different torques.  Peak 
displacement varies and number of peaks varies 
before stabilizing depending on the applied torque.  
For instance, at 70.62 N-cm, the highest torque 
applied, more peaks are observed than the other 
applied torques corresponding to smaller vibrations.  
Vibrations produced in this manner have an impact 
on the applied voltage that the amplifier provides to 
the actuator (feedback).  This excess voltage 
eventually returns to the actuator producing 
different displacements that translate into the erratic 
jet velocities shown in fig. 5.  One solution to this 
problem is to change the boundary conditions to a 
more compliant material or change the driving 
waveform and avoid sharp changes to limit the 
number of mechanical vibrations of the device. 

 
Fig. 6 Sample Peak Variations with Torque using a Saw-Tooth 

Waveform 
 

The erratic performance observed is more 
pronounced at specific frequencies and more 
investigations are under way to assess the source of 
the vibrations that are beyond the scope of this 
paper.  Selecting one frequency where variations are 
small to illustrate the capabilities of one of the 
actuators tested, fig. 7 is shown with velocity and 
displacement monitored simultaneously at 5 Hz.  In 
this figure it is evident that a maximum jet velocity 
is approached before reaching maximum voltage, 
reaching a saturation value.  This particular 
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characteristic may be useful when designing a 
multiple-actuator synthetic jet in terms of power 
needed to drive the actuators. 

 
Fig. 7 Typical Variations of Velocity with Voltage peak to peak 

for a Radial Field Diaphragm at 5 Hz. 
 
Conclusions and Future Work 
 

A preliminary study was conducted to characterize 
the capabilities of three actuators, a Bimorph, a 
Radial Field Diaphragm, and a Thunder device as 
diaphragms for a synthetic jet actuator.  Jet velocity 
displacement and sound were performed on the 
cavity with a pre-determined volume and slot size.  
The results showed velocity and sound fluctuations 
with sound at a constant frequency with all the 
actuators.  These fluctuations may be inherent to 
cavity design.  Temperature and clamping torque 
were closely monitored as an attempt to eliminate 
some of the sound variations from the velocity 
readings. Further measurements of the devices 
under a saw-tooth waveform were performed to 
further investigate the cavity effects on the sound 
and velocity variations.  Preliminary results seem to 
suggest that the vibrations are due to mechanical 
design and inherent harmonics due to the driving 
waveform and the applied torque when clamping 
the devices.  Future work involves different 
clamping mechanisms as well as the use of an 
arbitrary driving waveform. 
 
Acknowledgements 
 

This work is supported under NASA Grant NAG-1-
03002. 
 

References 
                                             
[1] Mautner, Thomas S., Application of synthetic 

jets to low Reynolds number biosensor 
microfluidic flows for enhanced mixing: A 
numerical study using the lattice Boltzmann 
method, Proc SPIE Int Soc Opt Eng, vol. 4937, 
p 136-149, (2002). 

                                                                 
[2] J. Mulling, T. Usher, B. Dessent, J. Palmer, P. 

Franzon, E. Grant, A. Kingon, Sensors and 
Actuators A, 94, (2001), 19 – 24.  

[3] K. M. Liew, H. K. Lim, M. J. Tan, X. Q. He, 
Computational Mechanics, 29, (2002), 486–
497.  

[4] G. Haertling, J. of the Amer. Ceramic Soc., 
Vol. 82, 4, (1999), 797 – 1615. 

[5] W. Y. Shih, W. H. Shih, I. A. Aksay, J. Am. 
Ceram. Soc., 80 [5], (1997), 1073-78. 

[6] G. H. Haertling, Am. Ceram. Soc. Bull., 73, 
(1994), 93–96. 

[7] T. Idogaki, T. Tominaga, K. Senda, N. Ohya, 
T. Hattori, Sensors and Actuators A, 54, 
(1996), 760–764. 

[8] R. W. Schwartz, M. Narayanan, Sensors and 
Actuators A, 101, (2002), 322–331. 

[9] Z. Ounaies, K. Mossi, R. Smith, J. Bernd, Low-
Field and High-Field Characterization of 
Thunder Actuators, Proc. SPIE Smart Struct. 
Mater., 4333, (2001), 399–407. 

[10] K. Mossi, R. Bishop, Characterization of 
Different Types of High Performance Thunder 
Actuators, Proc. SPIE Smart Struct. Mater., 
3675, (1999), 738–743. 

[11] D. J. Cappelleri, M. I. Frecker, T. W. Simpson, 
A. Snyder, “Design of a PZT Bimorph Actuator 
Using a Metamodel-Based Approach,” 
Transactions of the ASME, Vol 124, (2002), 
354–357. 

[12] Q. Wang, Q. Zhang, B. Xu, R. Liu, E. Cross, 
Journal of Applied Physics, 86 [6], (1999), 
3352–3360. 

[13] R. Bryant, R. Effinger IV, B. Copeland Jr, 
Radial Field Piezoelectric Diaphragms, 
Proceedings of Actuator 2002, A1.3, June 10–
12 (2002). 

[14] R. Bryant, R. R. Effinger IV, I. Aranda Jr., B. 
Copeland, E. Covington III, Active 
Piezoelectric Diaphragms, Proc. of SPIE 
Active Materials, 4699–40, (2002). 

[15] Mossi, K, and Bryant, R.,  Pre-Stressed 
Circular Actuators, Ceramic Materials and 
Multilayer Electronic Devices, Ceramic 
Transactions, Volume 150, 445-452, (2003). 

[16] R. Holam, Q. Gallas, B. Carrol, and L. 
Cattafesta, Interaction of Adjacent Synthetic 
Jets in an Airfoil Separation Control 
Application, AIAA 2003-3709 (2003). 


