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ABSTRACT 

Piezoelectric materials have long been used for active flow control purposes in 

aerospace applications to increase the effectiveness of aerodynamic surfaces on aircraft, 

wind turbines, and more. Piezoelectric actuators are an appropriate choice due to their 

low mass, small dimensions, simplistic design, and frequency response. This 

investigation involves the development of piezoceramic-based actuators with two 

bimorphs placed in series. Here, the main desired characteristic was the achievable 

displacement amplitude at specific driving voltages and frequencies. A parametric study 

was performed, in which actuators with varying dimensions were fabricated and tested. 

These devices were actuated with a sinusoidal waveform, resulting in an oscillating 

platform on which to mount active flow control devices, such as dynamic vortex 

generators or dynamic pins. The main quantification method consisted of driving these 

devices with different voltages and frequencies to determine their free displacement, 

blocking force, and frequency response. It was found that resonance frequency increased 

with shorter and thicker actuators, while free displacement increased with longer and 

thinner actuators.  

In addition to physical testing, a quasi-static analytical model was developed and 

compared with experimental data, which showed close correlation for both free 

displacement and blocking force. Similarly, finite element analysis was performed on the 

actuator design to determine the predictability of resonance frequency, again showing 

good correlation.  

To test the reliability of the fabrication process and the actuators themselves, a 

manufacturing study and endurance testing were performed. Multiple actuators with the 

same dimensions were constructed, and showed that frequency responses and output 

forces were very repeatable. The endurance testing showed that the actuator design could 

run for extended periods of time without any detrimental effects on performance. 

Successful integration of the devices into active flow control test modules was 

also achieved. A test module using an in-series actuator to drive a small dynamic vortex 

generator in a crossflow was designed and fabricated. A parametrically identical static 

vortex generator module was also created, and served as the basis to which the dynamic 

vortex generator was compared. Likewise, the actuator design was integrated into a 



xix 

 

NACA 0015 airfoil to drive a dynamic carbon fiber trip. This test article had the ability 

to induce stall cells in certain flow regimes, allowing stall cell formation to be observed 

and analyzed.  

Finally, the static and dynamic vortex generator modules were tested on a flat 

plate in a small subsonic wind tunnel using Stereoscopic Particle Image Velocimetry as 

the measurement technique. Both time- and phase-averaged flow fields were acquired 

for the static and dynamic cases. Comparison between the different sets of data showed 

that there seemed to be no significantly consequential difference between the SVG and 

DVG (in the time-averaged sense), leading to a recommendation of further investigation.  
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1. INTRODUCTION

 

Active flow control (AFC) techniques are currently the focus of extensive research to 

improve fluid flow characteristics around various aerodynamic surfaces. These 

technologies can be applied to different engineering systems, including increasing the 

effectiveness of aerodynamic surfaces on aircraft and wind turbines. In civil aviation, 

these scientific improvements can be used to increase aircraft performance, endurance, 

and fuel efficiency, while in military aviation, they are also imperative for producing 

aircraft that can outperform others. AFC is unique because it employs mechanisms, 

which can be activated only when needed. Also, when active flow control devices are 

actuated at certain frequencies, they can incite instabilities in the flow field, which can 

result in a desired modification to flow structure. As with many components intended for 

aerospace applications, it is important that these devices are small and lightweight. 

Piezoelectric actuators are a worthy option for these mechanisms due to their low mass, 

low power consumption, small volumetric footprint, simple design, and frequency 

response. 

1.1 Previous Stroke Amplification Designs 

Piezoelectric materials have the unique ability to directly convert electrical energy into 

mechanical energy and vice versa; in other words, application of a voltage causes a 

mechanical strain and application of a mechanical stress generates an electrical charge. 

Unfortunately, piezoelectric materials by themselves typically produce very small 

strains. To contend with this, many different actuator configurations, with methods of 

amplifying achievable displacement, have been developed in the past. The most common 

of these is benders, which have multiple thin layers of piezoelectric materials and non-

piezoelectric substrates
1,2

. With specific material arrangements and polarity directions, 

the different layers cause an internal bending moment and beam curvature when 

actuated. Piezoelectric stacks are another common method to increase deflection while 

preserving the actuator’s achievable blocking force
3,4

. Here, multiple piezoelectric plates 

                                                 
Portions of this chapter previously appeared as: Chan, W. K., Clingman, D. J., and Amitay, M., 

“Development of in-series piezoelectric bimorph bending beam actuators for active flow control 

applications,” Proceedings of SPIE 9801, Industrial and Commercial Applications of Smart Structures 

Technologies, SPIE, Las Vegas, NV, 2016, pp. 1–20. 
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are stacked on top of each other, causing the overall displacement to be the sum of all 

individual deflections.  

1.1.1 Stroke Amplification with Pre-Stress and Curvature 

Further advancements with ways to improve multi-layer mechanisms have been made, 

such as RAINBOW
5,6

 and THUNDER
7–9

 actuators, which add curvature and pre-stress 

into the structure during the manufacturing process to enhance deflection capabilities.  

 RAINBOW (Reduced and Internally Biased Oxide Wafer) actuators are created 

by bonding a circular piezoelectric layer to a chemically reduced layer with different 

thermal expansion properties; the layup is shown in Figure 1.1. During the cooling 

process, the two layers contract differently, resulting in a dome shaped actuator with 

higher displacement and blocking force capabilities. Haertling
6
 showed that using a 

single RAINBOW actuator with a diameter of 100 mm and thickness of 0.375 mm, a 

450 V operating voltage could induce a maximum displacement of 3 mm. However, it 

has been noted that due to the inherent shear stress between the two layers in the 

actuator, there is typically a structural integrity issue at that interface location
10

. As a 

result, it was observed that these actuators would exhibit significant degradation in 

performance after repeated cyclic loads.  

Similar to RAINBOW actuators, THUNDER actuators are rectangular devices 

that consist of a piezoelectric layer sandwiched between two dissimilar metals with 

different thermal expansion properties, as shown in Figure 1.2. The top and bottom 

metal layers are typically aluminum and steel, respectively. Again, the cooling step 

during the manufacturing process introduces varying tension and compression stresses in 

the different layers and results in the characteristic curved shape. This pre-stress allows 

an enhanced deflection capability of the actuator when a voltage potential is applied to 

the piezoelectric layer; voltage application causes the actuator to flatten through use of 

the d31 effect.  

1.1.2 Stroke Amplification with Specific Geometries 

Specific geometries aiming to mechanically leverage the piezoelectric effect were also 

explored with Moonie
11,12

, Cymbal
13,14

, and C-block
15,16

 actuators.  
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 The Moonie actuator, shown in Figure 1.3, uses a piezoelectric layer sandwiched 

between two metal endcaps. In between the endcaps and the piezoelectric layer is a 

moon-shaped empty cavity, which is responsible for the actuator’s name. Lateral 

compression and tension, through use of the d31 effect, causes the thin upper and lower 

portions of the metal endcaps to buckle, resulting in a desired transverse displacement. 

This is accompanied by the d33 effect, which causes additional achievable displacement 

in the transverse direction. The magnitude of displacement not only depends on the 

piezoceramic properties and applied voltage, but also on the thickness and material of 

the endcaps. Also, it is possible to stack multiple Moonie actuators together to enhance 

the displacement response. Newnham
11

 found that a double stacked Moonie actuator 

with 12.7 mm wide, 1 mm thick PZT (lead zirconate titanate) discs achieved a 40 µm 

displacement with 1000 V applied.  

Cymbal actuators are very similar to Moonie actuators, but are more efficient due 

to a slightly different endcap design. As shown in Figure 1.4, the endcaps are thinner 

metal sheets, which are shaped like cymbals (the musical instruments). The distinct 

shape of the endcaps allows for easier fabrication and higher displacements than the 

Moonie actuators. Dogan
13

 found that the Cymbal actuators could produce about twice 

the displacement of Moonie actuators for a given PZT diameter and thickness; a single 

Cymbal actuator with a 12.7 mm diameter achieved a displacement of about 42 µm. Like 

Moonies, Cymbals can also be stacked together to increase displacement performance. 

Table 1.1 summarizes the achievable displacements of Moonie, Cymbal, RAINBOW, 

and THUNDER actuators with nearly identical dimensions and under similar actuation 

voltages. 

Table 1.1: Comparison between different flextensional composite actuators
17

 

Type Moonie Cymbal RAINBOW THUNDER 

Dimensions (mm) 
⌀25.4 

Disk 

⌀25.4 

Disk 
⌀25.4 Disk 

25.4 mm
2 

Square 

PZT PZT-5A PZT-5A PZT-5A PZT-5A 

Applied field 

(kV/mm) 

Unipolar 

1.0 

Unipolar 

1.0 

Bipolar 

±0.65 

Bipolar 

±0.65 

Thickness of PZT 

(mm) 
0.500 0.500 0.380 0.325 

Displacement (µm) 50 80 88 60 
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 C-block actuators make use of semicircular piezoelectric benders that are poled 

in the radial direction, which results in a circumferential actuation when a voltage is 

applied. These actuators typically consist of multiple C-block elements; this can be seen 

in Figure 1.5, which shows the series and parallel configurations of C-block actuators. 

The series configuration allows for increased displacement while the parallel 

configuration allows for increased blocking force. The unique shape of these elements 

means that they can output significantly higher forces than straight benders.  

Despite these developments, the amplification designs' achievable deflection 

amplitudes still do not reach those required by many active flow control applications. 

Additionally, external leverage mechanisms, such as lever-fulcrum amplifiers
18

, have 

been proposed, but require complex mechanical systems, which can be cumbersome, 

exhibit power losses, and are difficult to construct and incorporate into aerodynamic 

surfaces.  

1.1.3 Recurve Actuators 

Recurve actuators, developed by Ervin and Brei
19–21

, were an attempt to address this 

issue by combining multiple bimorph bender elements in a specific architecture to 

achieve stroke amplification. Figure 1.6 shows the basic element of Recurve actuators, 

which is a bimorph beam where the piezoceramic layers switch poling directions 

midway along the length. This means that each half of the Recurve element bends with 

opposite moments, resulting in a transverse motion at the beam-end without any rotation. 

Four cantilevered Recurve elements can combine to create a fundamental array as shown 

in Figure 1.7. Also, these fundamental arrays can be combined themselves in series, 

parallel, or a combination of both in series and parallel to enhance the performance 

characteristics. The figure shows how these different configurations can result in 

increases in both force and displacement.  

As stated before, the slopes on both ends of the beam are zero and the slope 

reaches a maximum at the middle length of the cantilever. This is done so that the 

moments of interconnected Recurve elements do not counteract each other at the end 

connections and cause undesired stresses. While this no-rotation condition preserves the 

blocking force capabilities of the actuator array, it means that the maximum achievable 
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displacement is less than that for a uniform beam with a constant bending moment. In 

addition, a relatively complex manufacturing process, which allows the piezo-induced 

moment direction to be switched midway along the beam length, is required to construct 

the elements.   

1.2 In-Series Actuator Design 

In response, a new piezoelectric linear-drive actuator configuration
22

, which can produce 

high deflection amplitudes while maintaining a simple geometry and fabrication process, 

has been developed at Rensselaer Polytechnic Institute’s Center for Flow Physics and 

Control (CeFPaC) and The Boeing Company. This in-series piezoelectric bimorph 

actuator incorporates two bimorphs connected at their ends and configured with 

opposing bending moments.  

 The in-series architecture was heavily inspired by the design of Recurve 

actuators; the in-series actuator is essentially equivalent to a fundamental array, or a 

combination of four Recurve elements. The main component of the in-series actuators is 

a piezoelectric bimorph beam consisting of a proprietary shim material sandwiched 

between two piezoceramic plates. The two piezoelectric sheets in the bimorph are 

oriented with the same poling direction. A voltage signal is applied to the top surface 

electrode of the top sheet and the bottom surface electrode of the bottom sheet, and 

ground is applied at the interface of the sheets with the inner shim. This wiring 

configuration causes one sheet to expand and the other to contract, resulting in the 

desired internal bending moment and curvature. As shown in Figure 1.8, two bimorphs 

are connected together at their ends and are oriented such that their bending curvatures 

are in opposite directions. The bottom bimorph is connected at its middle length to a 

mounting base made of a non-conductive polymer material. The poling directions of the 

four piezoceramic sheets are oriented such that the same voltage signal is applied to all 

four outer surfaces, while the same ground lead is attached to the inner surfaces of both 

bimorphs. This stacking and wiring arrangement results in an actuator that can achieve 

significantly higher displacements than a single simply-supported bimorph beam and 

larger blocking forces than a cantilevered bimorph beam. As expected, the position of 

maximum displacement is at the middle length of the top bimorph; Figure 1.9 shows the 
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actuator with a (a) positive displacement and a (b) negative displacement. These 

representations also show the resonance mode shape of interest, as this is the mode shape 

that produces the maximum peak-to-peak displacement. It is important to note, however, 

that the end connections are not actually shaped as they appear in the figures. All 

representations of the actuator here show a rectangle at the beam-ends to protect the 

proprietary end connection design.  

Through the use of this proprietary design, it was possible to develop an actuator 

that connects two bimorphs in series that are not restricted to the no-rotation boundary 

condition, unlike the Recurve actuators. The design allows the curvature of each 

bimorph to be uniform along its length, including the beam-ends, while preventing the 

moments at the connection point from acting against each other. As a result, these 

actuators can achieve a higher maximum deflection but lower blocking force when 

compared to assembling four Recurve elements to form a similar structure. This is 

suitable for several particular active flow control applications, which prioritize output 

displacement over force.  

1.3 Motivation and Objectives 

As with any new actuator design, it was necessary to determine the performance 

characteristics of the in-series architecture. The bulk of the present work focuses on the 

development and fabrication of these actuators, mainly aiming to experimentally 

quantify their performance capabilities. These capabilities primarily consist of the quasi-

static free displacement, frequency response, and achievable blocking force of unloaded 

actuators with varying dimensions. In addition, it was deemed necessary to be able to 

predict the actuators’ performance characteristics through theoretical and numerical 

methods. These approaches are important to determine the physical design parameters 

that would yield an actuator that is useful in a specific application. For example, if given 

a specific desired free displacement and effective frequency range, it would be valuable 

to have tools that could establish the optimal actuator dimensions for that application. 

Consequently, a theoretical model was developed to predict actuator performance in a 

quasi-static mode of operation from the material properties and input voltage. A finite 

element analysis study was also conducted to determine the predictability of resonance 
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frequency for the in-series actuators. As such, the experimental testing served not only to 

exemplify the performance capabilities of the actuator design, but also to verify the 

results from the analytical and numerical modeling. 

Furthermore, it was important to evaluate the long-term reliability of the 

actuators with endurance experiments. The goal of these tests was to determine whether 

the performance of these actuators would degrade over the lifecycle of a flow control 

device. These tests are essential in order to confirm whether the actuators can be viable 

for practical application in real aircraft. An actuator was run continuously for extended 

periods of time, and the performance values were measured periodically.  

In addition to the development of the actuators themselves, this research also 

aims to employ them as dynamic drivers for active flow control devices. Specific 

applications include platforms for dynamic vortex generators (DVGs)
23

 or dynamic 

pins
24

. Traditional passive vortex generators are static fins attached to vehicles that delay 

boundary layer flow separation by producing vortical flow structures that bring higher 

momentum flow into the boundary layer near the surface. As a result, effectiveness of 

aerodynamic surfaces, such as the maximum lift of wings, can be greatly improved. 

With variable height VGs controlled by piezoelectric actuators, the devices can be 

retracted when they are not needed, reducing drag during cruise. Additionally, dynamic 

actuation of these vortex generators on aerodynamic surfaces can help introduce 

temporal disturbances that excite instabilities present in the flow, which then grow and 

induce earlier transition in the boundary layer. For example, Tollmien-Schlichting (T-S) 

wave instabilities can be triggered in the boundary layer, causing transition from a 

laminar to turbulent boundary layer, which is less likely to undergo flow separation. This 

mitigation of flow separation is helpful in increasing the lift of wings at high angles of 

attack and yaw force of rudders at high deflection angles or in crosswinds. In addition, it 

is possible that the dynamic actuation can increase the magnitude and effectiveness of 

the vortical fluid motion through the use of the added mass effect. 

Previous work has been performed investigating the potential effectiveness of 

this active flow control technique
23,25–27

. To build upon this work, an in-series actuator 

was implemented into a wind tunnel test module with the purpose of driving a single 

DVG. A fundamentally identical static vortex generator (SVG) module was also 



8 

 

constructed to serve as a comparison for the DVG results. Stereoscopic Particle Image 

Velocimetry (SPIV) experiments were performed on the SVG and DVG modules on a 

flat plate in a small subsonic wind tunnel with the goal of evaluating the possible 

performance augmentation provided by the vortex generator’s dynamic motion.  

Similarly, the actuators were incorporated into a wind tunnel airfoil model for 

investigations into the formation of stall cells on the suction side of airfoils. Stall cells 

are three-dimensional flow structures that have been observed to occur on airfoils even 

in quasi-two-dimensional conditions
28

. In general, they are unexpected mushroom-

shaped vortical structures, which occur at certain flow conditions and angles of attack. 

These can be detrimental to the performance of unmanned aircraft and wind turbine 

blades at moderate to high Reynolds numbers and angles of attack close to stall due to 

their highly three-dimensional behavior. It was found at CeFPaC
29

 that by placing a 

small three-dimensional rectangular spanwise trip near the leading edge on the suction 

side of an airfoil, stall cells could be induced in flow conditions where they otherwise 

would not form. To study the formation of these stall cells, a dynamic trip powered by 

in-series piezoelectric actuators was installed in a NACA 0015 airfoil. This device very 

quickly protrudes into the flow, upon which the stall cells should start to form and their 

evolution can be observed.  

This document details the fabrication and quantification processes of several in-

series bimorph actuators that were constructed. The theory behind the analytical quasi-

static model and the modeling parameters used in the finite element frequency analysis 

are discussed. Integration of the actuators into the dynamic vortex generator and stall 

cell airfoil test articles is also reviewed. Finally, the results from the actuator 

quantification, including comparisons with the analytical and numerical modeling, and 

from the wind tunnel SPIV testing are shown and discussed.  
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Figure 1.1: Layup of RAINBOW actuator structure
6
 

 

 

 

Figure 1.2: Layup of THUNDER actuator structure
10
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Figure 1.3: Structure of Moonie actuator
10

 

 

 

Figure 1.4: Structure of Cymbal actuator
10

 

 

 

Figure 1.5: Structure of C-block actuators
10
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Figure 1.6: Single Recurve actuator element with (a) unactuated case and (b) actuated case
19

 

 

 

Figure 1.7: Different Recurve actuator configurations
19
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Figure 1.8: In-series piezoelectric bimorph actuator configuration 

 

 

Figure 1.9: (a) Actuator with positive displacement; (b) actuator with negative displacement 
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2. EXPERIMENTAL SETUP AND PROCEDURES

 

The bulk of this study was a parametric investigation of unloaded actuators with 

different dimensions with the objective of determining their varying performance 

characteristics. A set of eight different actuator dimensions was planned, fabricated, and 

tested for the parametric study. These varied in bimorph length between 25.4 mm and 

72.4 mm and in piezoceramic sheet thickness between 0.127 mm and 0.508 mm; this is 

summarized in Table 2.1. The specific dimensions were chosen to cover a wide range of 

different sizes while making use of the available material. Note that for each actuator 

dimension, the aspect ratio (of width to length) was kept constant at 0.175 and the 

maximum piezoelectric length was 72.4 mm because this was the largest sheet size 

available from the manufacturer.  

Table 2.1: Testing matrix of actuator dimensions 

 

2.1 Piezoelectric Actuator Manufacturing 

The manufacturing process for the in-series piezoelectric actuators is a simple procedure 

and mainly consists of the bimorph fabrication. The specific piezoceramic used was PZT 

(lead zirconate titanate), and was purchased from Piezo Systems, Inc. as 72.4 mm x 72.4 

mm square sheets with varying thicknesses. Lead zirconate titanate has the chemical 

formula Pb[ZrxTi1-x]O3 (0≤x≤1) and is formed when a mixture of lead, zirconium, and 

titanium oxide powder is heated to a high temperature. As the material cools, tetragonal 

unit cells are formed, which are responsible for PZT’s piezoelectric effects. The two 

sides of each sheet have nickel electrodes to allow for conductance across the entire 

surface. The specific PZT material used has a d33 coefficient of 390 x 10
-12 

m/V, a d31 

                                                 
Portions of this chapter previously appeared as: Chan, W. K., Clingman, D. J., and Amitay, M., 

“Development of in-series piezoelectric bimorph bending beam actuators for active flow control 

applications,” Proceedings of SPIE 9801, Industrial and Commercial Applications of Smart Structures 

Technologies, SPIE, Las Vegas, NV, 2016, pp. 1–20. 
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coefficient of -190 x 10
-12

 m/V, and a Curie temperature of 350°C. For each actuator 

size, two PZT sheets were cut to the necessary length using an ULTRA TEC 

ULTRASLICE Macrotome precision diamond saw, shown in Figure 2.1. For example, 

for the 50.8 mm length bimorphs, the standard sheets were cut to a size of 50.8 mm x 

72.4 mm. The two PZT sheets, the shim material, and epoxy were then layered (with the 

shim between the PZT sheets) and cured at a proprietary temperature and pressure. A 

proprietary surface coating, which enhanced both structural strength and surface 

electrical conductivity, was applied. The 72.4 mm wide bimorph was then cut to strips of 

the proper width using the Macrotome diamond saw. The various major steps in the 

bimorph strip fabrication process are shown in Figure 2.2. Also, at each major step 

during the fabrication procedure, the capacitance of the PZT layers were tested to ensure 

that there were no cracks in the material. Table 2.2 summarizes the expected capacitance 

at each step in the process. It is important to note that throughout this report, the various 

actuators are identified according to the thicknesses and lengths of the PZT layers 

themselves, not the dimensions of the entire actuator. Accordingly, the actual thickness 

of a bimorph is a combination of the thicknesses of two PZT sheets, the shim material, 

the epoxy layers, and the surface coating layers. This method of identification was done 

to protect the proprietary end connection design and shim material selection.  

Table 2.2: Capacitance table for PZT bimorphs 

 

The bimorphs strips were then paired according to the closest matching widths and 

capacitances. Each pair was connected together using the proprietary end connections 

Thickness 

(mm) 

Length 

(mm) 

Width 

(mm) 

Area  

(mm2) 

C for 72.4 

mm 

 Square 

Sheet (nF) 

C for 72.4 

mm x  

Length 

Sheet (nF) 

C for 1  

PZT Side 

of Strip 

(nF) 

C for 2  

PZT 

Sides of 

Strip (nF) 

C for 4  

PZT 

Sides  

(Bimorph 

Pair) (nF) 

0.127 31.8 5.57 177.0 650 285.5 21.9 43.9 87.8 

0.127 72.4 12.67 917.3 650 650.0 113.8 227.5 455.0 

0.267 25.4 4.45 112.9 315 110.5 6.8 13.6 27.1 

0.267 50.8 8.89 451.6 315 221.0 27.1 54.3 108.6 

0.267 72.4 12.67 917.3 315 315.0 55.1 110.3 220.5 

0.508 25.4 4.45 112.9 162 56.8 3.5 7.0 14.0 

0.508 50.8 8.89 451.6 162 113.7 14.0 27.9 55.8 

0.508 72.4 12.67 917.3 162 162.0 28.4 56.7 113.4 
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and attached to the mounting base using cyanoacrylate. The mounting bases each had 

two components; the top half was ABS to ensure that the connection point was non-

conductive, while the bottom half was machined from aluminum. This was because the 

clamps used to secure the actuators during testing were also aluminum, and metal on 

metal contact was desired to ensure strong and repeatable clamping. The bimorphs were 

oriented such that they would have bending moments in opposite directions, which was 

the characteristic responsible for the stroke amplification. Conductive epoxy and jumper 

leads were applied to create electrically conductive paths between all four piezoceramic 

electrode surfaces. Electrical connectivity was also ensured between the inner surfaces 

of the piezoceramic by using conductive epoxy between the two bimorph shims. A lead 

for the voltage signal was attached to the middle length of the top electrode surface of 

the bottom bimorph. A second lead for ground was attached to the shim at the end of the 

bottom bimorph. The result was an in-series actuator with only two input leads attached 

at their relative points of minimum deflection amplitude. This wiring configuration was 

advantageous because it minimized the possible impact of asymmetric loads on both 

static and dynamic actuation.  

2.2 Voltage Signal Generation and Output 

To run the actuators, a voltage potential was applied across the two leads; this potential 

was typically either a DC voltage or a sinusoidal waveform (AC voltage). The voltage 

potential was generated using a LabVIEW program from a desktop computer and was 

outputted using a National Instruments PCI-6221 (DAQ) card and NI SCB-68 connector 

block. The signal from the SCB-68 was passed through a custom 50-gain amplifier from 

MIDE, and the output signal from the amplifier was connected to the piezoelectric 

actuator. The maximum voltage tested was 200 V in amplitude (400 V peak-to-peak), 

which was the output voltage limit from the MIDE amplifier. Likewise, voltage limits 

were selected for each actuator depending on PZT thickness to avoid the risk of 

depoling. The limit for the 0.127 mm thick PZT actuators was 100 V in amplitude and 

the limit for the 0.267 mm and 0.508 mm thick PZT actuators was 200 V in amplitude 

(the voltage limit of the amplifier).  
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2.3 Testing Apparatus 

For experimental testing of the actuators built according to the testing matrix in Table 

2.1, a custom testing apparatus assembly was designed and fabricated out of aluminum. 

As Figure 2.3 shows, the base of the testing apparatus was mounted directly onto an 

optical table and used two sliding clamps to secure the hybrid ABS-aluminum mounting 

bases of the actuators. This setup allowed actuators to be installed and switched out very 

quickly, which was advantageous when it was necessary to test several different 

actuators in a short period of time. Using this testing apparatus, it was possible to acquire 

both displacement and force data. Figure 2.4 is a diagram of the test setup including the 

displacement and force sensors; Figure 2.5 is a block diagram representing the power 

and data flow between various components in the setup. 

2.3.1 Laser Displacement Sensor Setup 

Above the actuator and mounting base, a laser displacement sensor was suspended on a 

three-axis traverse system and pointed downwards to measure both the static and 

dynamic displacement of the actuators; the traverses were motorized Velmex BiSlide 

positioning stages. The specific sensor head used was a Keyence LK-G402, which 

outputted data to a LabVIEW program on the computer. This specific laser displacement 

sensor had a standoff distance of 400 mm, a working distance of ± 100 mm, and an 

accuracy of ± 1 μm. The LK-G402 was powered with a Keyence MS2-H50 power 

supply and interfaced with the computer using an LK-G3001 controller block. For all 

displacement data mentioned in this work, measurements were taken at the middle 

length of the top bimorph, which was the position of maximum displacement and output 

force. The traverse system, however, did allow for positioning of the laser at any point 

along the width or length on the surface of the top bimorph. Note that in Figure 2.4, the 

load cell apparatus blocks the laser from the displacement sensor from reaching the 

actuator surface. For this reason, when displacement data were acquired, the load cell 

assembly was removed from the apparatus base, and the laser was positioned in the 

desired location. 
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2.3.2 Load Cell Setup 

In addition to the displacement data, blocking force data were also collected. Force was 

measured using a load cell transducer, and the contact point was again at the middle 

length of the top bimorph. The specific transducer used was an Omega LCFL-1KG 

miniature tension and compression load cell powered with a GW Instek PSP-405 

programmable power supply. This load cell had a capacity of 1 kg (9.8 N) in both 

tension and compression and accuracy of ± 0.5% of full scale output (±0.049 N). It was 

mounted on a manual linear traverse above the piezoelectric actuator and was attached to 

the testing apparatus base using custom aluminum brackets. Like the laser displacement 

sensor, the load cell outputted the force signal to the SCB-68 and it was displayed in 

LabVIEW.  

 To ensure that accurate measurements were being obtained from the load cell, a 

calibration was performed. Weights with varying known masses were placed on top of 

the load cell, which was oriented in an inverted position. The transducer’s voltage output 

was measured for the various masses and force was calculated by multiplying the output 

by acceleration due to gravity. These values were then compared to the theoretical 

values of force, as shown in Figure 2.6. Linear regression was performed to find the line 

of best fit for the experimental force values and showed that the slope of the force 

measurements was 8.86 instead of the expected 9.81. For this reason, all force data 

found using this load cell were multiplied by a factor of 9.81/8.86, or 1.1, to correct for 

this discrepancy.  

2.4 Experimental Procedures 

Standard procedures were formulated and followed to acquire all of the experimental 

data. This included frequency sweeps, force data of various forms, and endurance testing 

data. 

2.4.1 Frequency Sweep Procedure 

All of the major displacement data were in the form of frequency sweeps, where the 

input voltage amplitudes were set at a certain magnitude and frequency was manually 

varied to find the peak-to-peak displacement. Frequency sweeps were taken for all eight 
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actuators fabricated. The displacement measurements were taken by the laser 

displacement sensor. Before each frequency sweep, the actuator of interest was mounted 

into the testing apparatus, the displacement sensor was positioned at the appropriate 

distance away from the actuator’s top surface (400 mm), and the measurement output 

was zeroed. For each sweep, a sinusoidal waveform was outputted with the desired 

voltage amplitudes using a LabVIEW program. The frequency value was set to 1 Hz and 

the displacement measured by the laser sensor was recorded. The frequency was then 

manually increased at certain intervals and the displacement was recorded for each 

frequency value. After each frequency jump, several seconds were allowed for the 

actuator to settle at the new peak-to-peak displacement before the value was recorded. 

This procedure was repeated for multiple voltage amplitudes for each actuator.  

At most of the voltages tested, there is a portion of the frequency sweep near the 

resonance frequency where data points were not taken; in other words, a displacement, 

or strain, limit was set. This was done to avoid excessively large displacements and the 

associated high bending curvatures in the bimorph beams. When the beams were bent 

too much, there was a significant risk of structural failure, which usually took the form 

of cracks in the PZT sheets. After structural failure, the actuators typically exhibited 

significant depreciation in deflection performance, especially at higher frequency values; 

this was accompanied by non-sinusoidal displacement responses. To prevent actuation at 

these high displacements, the laser sensor output was carefully noted near resonance. 

When the displacement readout was near (slightly below) the set strain limit, the 

frequency input was raised to a value significantly above resonance. Frequency was then 

slowly decreased until the displacement output was again near (slightly below) the strain 

limit.  

After this, the displacement value was recorded and frequency was again 

increased at regular intervals until the maximum frequency of interest was reached. 

These maximum frequencies were qualitatively determined; they were set at values 

where the peak-to-peak displacements (after resonance) had decreased significantly and 

were approaching a minimum. The maximum frequency was 150 Hz for the 72.4 mm 

long actuators, 250 or 300 Hz for the 50.8 mm long actuators, and 500 or 600 Hz for the 

31.8 and 25.4 mm long actuators. Accordingly, each of the frequency sweeps only 
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covered the first resonance mode where the displacement at the middle length of the top 

beam was at its maximum.  

 For the quantification of the DVG module, it was also necessary to determine the 

phase difference between the voltage input and displacement output of the installed 

actuator. To do this, the actuation signal and laser displacement sensor output were 

connected to an oscilloscope. The phase differences for the various actuation voltages 

and frequencies of interest were then found using the oscilloscope's trace function. 

2.4.2 Load Cell Procedure 

When force data were acquired, the load cell assembly, which included mounting 

brackets, the manual linear traverse, and the load cell itself, was installed above the 

actuator. Four main types of force data were taken: static blocking force, peak-to-peak 

blocking force, forced negative displacement, and actuator load lines. Prior to acquiring 

each dataset, the load cell output was zeroed; a voltage offset was applied so that zero 

applied force would correspond to zero volts.  

The static blocking force and actuator load line datasets required that the load 

cell contact point have an initial position of zero distance above the actuator surface and 

zero force. To do this, the load cell was lowered using the vertically-oriented linear 

traverse so that the load cell was slightly in contact with the actuator surface, which 

corresponded to a small compression force. The load cell was then slowly raised until 

the compression force reached zero. For the static blocking force data, DC voltages of 

increasing magnitudes were then applied to generate a compression force against the 

load cell contact point and the force values were recorded. For the actuator load line 

data, a DC voltage of a certain magnitude was applied to the actuator. The load cell was 

then raised to several displacement intervals and the applied forces were recorded. This 

was done until the force reached zero, which corresponded to the quasi-static free 

displacement.  

For the peak-to-peak blocking force and forced negative displacement datasets, 

the load cell was lowered to a certain negative displacement of interest. The different 

displacement distances will be noted and the procedures will be clarified in the results 

section.  
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2.4.2.1 Bending Stiffness Testing 

The load cell was also used to find the bending stiffness (𝐸𝐼) values of various bimorph 

beams for use in the quasi-static model and finite element analysis setup. This was done 

through three point bending flexural tests. The bimorphs were placed on top of two 

horizontal point-contacts (dowel pins), which were located at the beam-ends; the setup is 

represented in Figure 2.7. The load cell was then positioned to be in zero-force contact 

with the middle length of the beams. Using the linear stage, the load cell was lowered to 

various negative displacements, and the corresponding compression forces were 

recorded. This was done for multiple displacements for each bimorph beam, the 

relationship was plotted, and the best-fit line slope was found. Equation (2.1) was used 

to find the bending stiffness from these slopes.  

 

 𝐸𝐼 =
𝐹𝐿3

48 Δ𝑠
 (2.1) 

 

Here, 𝐹 is the compression force, 𝐿 is the bimorph beam length, and Δ𝑠 is the negative 

displacement. Therefore, 𝐹/Δ𝑠 is the slope of the force vs. negative displacement 

relationship.    

2.4.3 Endurance Testing Procedure 

Endurance testing was performed to determine the reliability of the in-series bimorph 

actuator architecture. A single actuator with 0.267 mm thick and 50.8 mm long PZT was 

run for long periods of time. To perform this testing, the actuator was set to a certain 

voltage amplitude and frequency, and the peak-to-peak displacement was measured with 

a laser displacement sensor at five minute intervals. Several different test cases were run 

for the actuator using various actuation voltages and frequencies. The total run times 

were recorded, but varied significantly due to varying availability of the testing 

apparatus.  
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2.5 Dynamic and Static Vortex Generator Design  

An in-series piezoelectric bimorph actuator was integrated into a test module to 

investigate the effectiveness of a single dynamic vortex generator in a crossflow. The 

test module was fabricated in the form of a circular plug that could be inserted into a slot 

in the wind tunnel test section floor. At the middle of the plate surface, a small slit was 

made, allowing a single DVG to protrude through the surface of the flat plate. The DVG 

was designed with a skew angle of 18° with respect to the streamwise direction. It also 

incorporated a cap completely enclosing the actuator to prevent a pressure differential 

through the gaps between the VG and slit walls. A top view of the DVG test module is 

shown in Figure 2.8. At the middle length of the top bimorph, a steel rod was installed 

and attached to a 19.1 mm x 19.1 mm x 0.794 mm steel plate, which acted as the vortex 

generator. Actuation of the mechanism allows vertical oscillation of the DVG in the 

crossflow. The actuator and VG assembly were mounted on a U-shaped block which 

allowed the mean height of the VG to be variable; the internals of the DVG module are 

shown in Figure 2.9.  

 A 0.267 mm thick and 50.8 mm long PZT actuator was chosen because of its 

predicted ability to excite the flow instabilities of interest; the parameters considered 

included the boundary layer height and Tollmien-Schlichting wave frequency. The DVG 

was run with a mean height of 3 mm and four different actuation modes: 0.5 mm and 1.0 

mm peak-to-peak displacement at 40 Hz, and 0.5 mm and 1.0 mm peak-to-peak 

displacement at 140 Hz. Intuitively, the 0.5 mm peak-to-peak displacement corresponds 

to an amplitude of 0.25 mm and the 1.0 mm peak-to-peak displacement corresponds to 

an amplitude of 0.5 mm. 140 Hz was chosen because it was within the T-S wave 

frequency range of the wind tunnel for which the DVG module was designed. 40 Hz was 

chosen as a baseline frequency far outside of the T-S frequency range to observe the 

effect of dynamic actuation without influencing flow instabilities. 

 As it was desired to compare the flow effect of the dynamic vortex generator 

with the effect of a static vortex generator with identical physical parameters under the 

same flow conditions, an SVG module was also designed and fabricated out of 

aluminum. Again, a circular plug was fabricated to fit into the wind tunnel floor and a 

small slit was made in the middle of the plate to allow the VG to protrude into the 
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crossflow. The design includes 0.25 mm thick circular spacers, allowing the stationary 

VG height to be varied from 0 mm to 4 mm above the wall surface at 0.25 mm intervals. 

Figure 2.10 is an exploded view of the SVG module.  

2.6 Wind Tunnel and Particle Image Velocimetry System Setup 

The static and dynamic vortex generator modules were installed in the floor of a 101.6 

mm x 101.6 mm cross-section open-loop suction wind tunnel. The wind tunnel is 

powered by a 3 hp motor attached to a four-blade fan and has a turbulence intensity of 

0.5%; all tests were run with a freestream velocity of about U∞ = 10.6 m/s.  

SPIV was used to visualize and analyze the flow field behind the static and 

dynamic vortex generators. The hardware for the SPIV is a commercially available 

LaVision system and consists of two Imager LX 2M CCD cameras, a double-pulsed 120 

mJ Nd:YAG laser system, and a programmable timing unit. The Imager LX 2M cameras 

have 1608 x 1208 pixel resolution (2 MP), 14-bit digitization, 7.4 x 7.4 micron pixels, 

55% quantum efficiency at 500 nm, and can run at 35 frames/sec at full resolution. Each 

camera was also attached to a 200 mm lens to focus on the target plane and to a 532 nm 

± 10 nm band-pass filter. A Martin Magnum 850 Fog Machine was used to seed the flow 

with smoke particles at the inlet of the wind tunnel. The laser was passed through a free 

moving optical arm, a laser head with variable focusing, and a -50 mm cylindrical lens to 

generate the light sheet in the desired location. The cameras and laser head were 

mounted on Velmex BiSlide motorized positioning stages; the camera traverses allowed 

movement in all three axes while the laser was limited to movement in the streamwise 

and wall-normal directions. The camera and laser positioning are shown in Figure 2.11.  

The DVG actuation and the external trigger signal were generated using NI 

LabVIEW software, a PCI-6221 DAQ card, and a SCB-68 block. Three downstream 

planes at 20 mm, 30 mm, and 40 mm downstream of the VG centerline were analyzed 

for each SVG height and DVG actuation amplitude and frequency. Each camera was 

oriented about 37° from the streamwise plane of symmetry and was positioned about 720 

mm downstream of the VG centerline. 

The velocity components in the x-, y-, and z-axis directions were computed using 

DaVis 8.2.2 processing software with two-step stereoscopic cross-correlation pairs of 
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successive images. The images were processed using an iterative multi-pass method 

where the first pass had a window size of 64 x 64 pixels and a 50% overlap and the 

second pass had a window size of 32 x 32 pixels and a 75% overlap. One thousand 

image pairs were acquired and processed for each time- and phase-averaged plane.  

2.7 NACA 0015 Stall Cell Airfoil Design 

In-series PZT bimorph actuators were also integrated into a 191 mm chord and 508 mm 

span NACA 0015 airfoil to drive a dynamic trip with the goal of intentionally triggering 

stall cells to investigate their formation. From previous wind tunnel tests varying the 

height of static trips, it was found that a trip with a 152 mm spanwise length and 2 mm 

height was desired
29

. Using the experimental quasi-static free displacement data and 

considering the space limitations of installing a device inside the airfoil, actuators with 

0.267 mm thick and 62.0 mm long PZT sheets were selected to drive the dynamic trip. It 

was predicted that the 62.0 mm PZT length would be able to produce a 2 mm peak-to-

peak displacement while being able to fit inside the airfoil. To provide the necessary 

blocking force and a symmetrical platform to support the long trip, two actuators with 

these dimensions were installed in parallel.  

The trip itself was a carbon fiber plate with dimensions of 152 mm in the 

spanwise direction, 7.62 mm in the chord-normal direction, and 1 mm in the streamwise 

direction. At the middle length of both top bimorphs, the carbon fiber plate was attached 

using polymer connection pieces and adhesive. The interior of the hollowed aluminum 

NACA 0015 airfoil had platforms upon which the actuators were installed. To allow for 

actuator wiring and pressure tubing, the airfoil was designed as a hollow assembly of 

three sections: the nose, the upper surface, and the lower surface. At 10% of the chord, a 

close-fit slit was machined to allow for the carbon fiber trip to protrude into the flow. 

Figure 2.12 shows the actuator assembly mounted on platforms in the nose of the airfoil 

and Figure 2.13 shows (a) an assembled view of the airfoil and (b) an exploded view of 

the airfoil components.  
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Figure 2.1: ULTRA TEC ULTRASLICE Macrotome saw 

 

 

Figure 2.2: Steps for manufacturing bimorph strips 
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Figure 2.3: Testing apparatus sliding clamp base 

 

Figure 2.4: Experimental setup 

 

Figure 2.5: Block diagram of experimental setup 
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Figure 2.6: Load cell calibration 

 

 

Figure 2.7: Three-point bending test setup 
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Figure 2.8: External view of DVG module 

 

Figure 2.9: DVG module internals 
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Figure 2.10: Exploded view of SVG 

 

Figure 2.11: SPIV setup (not to scale) 
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Figure 2.12: NACA 0015 airfoil actuator assembly 

 

 

Figure 2.13: (a) Assembled view of NACA 0015 airfoil (b) exploded view of NACA 0015 airfoil 
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3. ANALYTICAL AND NUMERICAL MODELING

 

3.1 Quasi-Static Model 

To predict the in-series actuator’s quasi-static performance, a simple model was 

developed using Euler-Bernoulli beam theory and the piezoelectric equations. Equation 

(3.1) from elementary beam theory
30

 relates the beam bending moment and transverse 

displacement, where 𝑦 is transverse displacement, 𝑥 is distance along the beam, 𝑀 is the 

beam moment, 𝐸 is Young’s modulus, and 𝐼 is the area moment of inertia. 

 

 
𝑑2𝑦

𝑑𝑥2
=

𝑀(𝑥)

𝐸𝐼
 (3.1) 

 

Equations (3.2), (3.3), and (3.4) are the layered isotropic beam equations, which 

calculate the theoretical flexural rigidity, piezo-induced bending moment, and free strain, 

respectively
10

.  Here, 𝑏 is the bimorph width, 𝑁 is the number of layers, 𝑑31 is the 

piezoelectric coefficient, 𝑉 is the applied voltage, 𝑡 is the layer thickness, and ℎ𝑘 

represents the height boundaries of each layer as shown by Figure 3.1. 

 

 𝐸𝐼𝑡𝑜𝑡 =
1

3
∑ 𝑏𝑘𝐸𝑘(ℎ𝑘+1

3 − ℎ𝑘
3)

𝑁

𝑘=1

 (3.2) 

 𝑀𝑝 =
1

2
∑ 𝑏𝑘𝐸𝑘𝛬𝑘(ℎ𝑘+1

2 − ℎ𝑘
2)

𝑁

𝑘=1

 (3.3) 

 𝛬𝑘 = 𝑑31𝑘

𝑉𝑘

𝑡𝑘
 (3.4) 

 

For the analysis, the actuator was split into two parts: the bottom and top 

bimorphs, which were evaluated as two separate beams. Representations of the two parts 

are shown in Figure 3.2; a load 𝑃 is applied at the middle length of the top beam and the 

                                                 
Portions of this chapter previously appeared as: Chan, W. K., Clingman, D. J., and Amitay, M., 

“Development of in-series piezoelectric bimorph bending beam actuators for active flow control 

applications,” Proceedings of SPIE 9801, Industrial and Commercial Applications of Smart Structures 

Technologies, SPIE, Las Vegas, NV, 2016, pp. 1–20. 
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load is transferred to the left and right ends of the bottom beam. Note that for this 

analysis, the weight of the bimorphs is assumed to be negligible. For both halves, there 

are also applied moments; 𝑀𝑝 is the piezo-induced internal bending moment and 𝑀𝑒 is 

the moment caused by the end connection. Due to the identical construction of the 

bottom and top bimorphs, the magnitudes of 𝑀𝑝 can be assumed to be the same between 

the two beams; the direction is merely switched as shown in the representations. 

Although the end connection allows for nearly unobstructed rotation, and consequently 

should apply no moment on the beam, 𝑀𝑒 is kept in the equations for completeness. 

Also, the origin of the horizontal axis is located at the left end of both bimorphs for 

consistency.  

The free body diagram for the left half of the bottom bimorph is shown in Figure 

3.3. The boundary conditions are such that the beam is free on the left end and clamped 

on the right end; in other words, the connection with the mounting base can be 

represented by a cantilever. The moment equation and boundary conditions for this beam 

are noted in (3.5). Using the relationship described in (3.1) and performing the double 

integration along the beam length yields the transverse displacement equation for the 

bottom bimorph, which is shown in Equation (3.6).  

 

 

𝑀𝑏(𝑥) = −
𝑃

2
𝑥 + 𝑀𝑒 + 𝑀𝑝 

𝑦𝑏 (𝑥 =
𝐿

2
) = 0          

𝑑𝑦𝑏

𝑑𝑥
(𝑥 =

𝐿

2
) = 0 

(3.5) 

 

 

𝑦𝑏(𝑥) =
1

𝐸𝐼
[(𝑃) (−

1

12
𝑥3 +

𝐿2

16
𝑥 −

𝐿3

48
)

+ (𝑀𝑒 + 𝑀𝑝) (
1

2
𝑥2 −

𝐿

2
𝑥 +

𝐿2

8
)]            0 ≤ 𝑥 ≤

𝐿

2
 

(3.6) 

 

Similarly, the free body diagram for the analysis of the top bimorph is shown in Figure 

3.4. The beam has a pinned boundary condition at the left end and a zero-slope condition 

at the middle length due to the symmetrical loading. From the moment equation and 
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boundary conditions in (3.7) and the relationship in (3.1), the transverse displacement 

equation for the top bimorph can be found and is shown in Equation (3.8).  

 

 

𝑀𝑡(𝑥) =
𝑃

2
𝑥 − 𝑀𝑒 − 𝑀𝑝 

𝑦𝑡(𝑥 = 0) = 0          
𝑑𝑦𝑡

𝑑𝑥
(𝑥 =

𝐿

2
) = 0 

(3.7) 

 

 

𝑦𝑡(𝑥) =
1

𝐸𝐼
[(𝑃) (

1

12
𝑥3 −

𝐿2

16
𝑥) + (𝑀𝑒 + 𝑀𝑝) (−

1

2
𝑥2 +

𝐿

2
𝑥)]           

 0 ≤ 𝑥 ≤
𝐿

2
 

(3.8) 

 

Note that Equations (3.6) and (3.8) are only for 0 ≤ 𝑥 ≤ 𝐿/2; the beam displacements 

are assumed to be symmetrical over the 𝐿/2 location. To find the total transverse 

displacement along the top bimorph, 𝑦𝑡(𝑥) can simply be added to the calculated 

displacement at 𝑥 = 0 for the bottom bimorph. Also, the position of maximum 

displacement, as noted previously, is simply at the middle length of the top bimorph. 

  

 𝑦𝑡𝑜𝑡𝑎𝑙(𝑥) = 𝑦𝑏(𝑥 = 0) + 𝑦𝑡(𝑥) (3.9) 

 

It was also possible to use (3.6) and (3.8) to calculate the force (𝐹) exerted by the 

actuator at its middle length when actuated by a voltage and allowed a certain positive 

displacement (𝑦𝑡𝑜𝑡𝑎𝑙), as seen in Equation (3.10).  

 

 𝐹(𝑦𝑡𝑜𝑡𝑎𝑙) =
48

𝐿3
[(𝑀𝑒 + 𝑀𝑝) (

𝐿2

8
) −

𝐸𝐼𝑦𝑡𝑜𝑡𝑎𝑙

2
] (3.10) 

 

The equations modeling the in-series actuator were incorporated into a MATLAB code 

to predict its quasi-static performance given a set of input parameters. The inputs in the 

code include the material properties of each layer (Young's modulus and piezoelectric 

constant), the dimensions of the bimorph, applied DC voltage, and applied force. From 
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these, the actuator’s bimorph flexural rigidity, piezo-induced internal bending moment, 

and transverse displacement values along the bimorph lengths can be calculated and 

displayed. The code also generates figures which represent the actuator with the bending 

bimorphs; an example is shown in Figure 3.5, which is the output for a 0.127 mm thick, 

72.4 mm long PZT actuator with 100 V applied.  

3.2 Finite Element Analysis Setup 

In addition to quasi-static displacement, another very important performance 

characteristic for the in-series piezoelectric actuators is resonance frequency. A finite 

element analysis (FEA) study was performed to determine the predictability of the 

actuators’ resonance frequency using the frequency analysis function in SOLIDWORKS 

Simulation 2014. This function uses an eigenvalue approach to determine the natural 

modes of vibration for any geometry; it is capable of outputting the first few resonance 

frequencies and corresponding mode shapes.  

Each actuator that was fabricated, including the end connection configuration, 

was designed in the SOLIDWORKS CAD package and transferred to SOLIDWORKS 

Simulation. The bimorphs themselves, however, were simplified from the layered PZT 

and shim material structure to uniform and homogenous beams. The simplified beams 

were given strength properties that were measured experimentally from fabricated 

bimorphs in the bending stiffness testing. This was done to reduce the resources and time 

necessary to perform the FEA simulations; in other words, it allowed for larger elements 

to be used in the mesh. The mesh, shown in Figure 3.6, was a standard structured grid 

with tetrahedral elements with edge lengths of about 1 mm. Again, it is very important to 

note that the end connection appears as a rectangular prism in this mesh figure to protect 

the proprietary connection design. In reality, the analysis was performed using the 

correct geometry and material properties for the end connection components, which 

were different from the beam properties.  

The 1 mm size was chosen after a simple convergence study using edge lengths 

between 0.75 mm and 2 mm was performed on the 0.267 mm thick and 72.4 mm long 

PZT actuator dimension. The study showed that the resonance frequency converged at 

an edge length of about 1 mm at a very reasonable amount of time. Attempts to analyze 
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the structure with elements smaller than 0.75 mm resulted in very high simulation times. 

With the 1 mm element size, the 0.267 mm thick and 72.4 mm long PZT actuator model 

had 31,584 nodes and 21,628 elements.  

 For all of the unloaded actuator simulations, the models were fixed so that the 

mounting base was stationary; fixed geometry constraints were assigned to all surfaces 

of the base. These fixture locations are shown in Figure 3.7. All other parts of the 

actuator were allowed to move freely.  

In addition to the unloaded actuator, the DVG module was analyzed with FEA to 

predict resonance frequency. For this analysis, the actuator itself, the VG plate, and 

connection points were modeled and meshed. Again, the mounting base was assigned as 

fixed geometry, but the VG was given roller/sliding fixtures to simulate its contact with 

the four inside surfaces of the module's slit.  
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Figure 3.1: Piezoelectric bimorph beam layering 

 

 

 

Figure 3.2: Representation of bottom and top bimorphs used for quasi-static model 
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Figure 3.3: Free body diagram for bottom bimorph beam 

 

 

 

Figure 3.4: Free body diagram for top bimorph beam 
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Figure 3.5: Example of quasi-static model code output (0.127 mm thick, 72.4 mm long PZT actuator 

with 100 V applied) 

 

 

Figure 3.6: FEA mesh 

 

 

Figure 3.7: Fixture locations for FEA simulations 
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4. RESULTS

 

As mentioned earlier, with these piezoelectric actuators, the main performance 

characteristics of interest were quasi-static displacement, frequency response (including 

resonance frequency), and blocking force. The following section presents and discusses 

the major results obtained in the study regarding the performance of the different 

actuator dimensions. Quasi-static model and FEA results are reviewed and compared to 

these experimental values. Endurance testing results and quantification of the DVG and 

airfoil flow control test module actuators are discussed. Finally, results from the SPIV 

testing of the DVG module are shown and analyzed. 

4.1 Displacement Quantification 

4.1.1 Quasi-Static Displacement 

Static free displacement is the displacement of an unloaded actuator when a DC voltage 

potential is applied. These displacement values can be assumed to be the same as the 

displacement amplitudes when the actuators are run with a very low frequency sine 

wave, since the effect of resonance (structural dynamics) is negligible at these 

frequencies. In the studies performed in this work, the displacement amplitudes at 1 Hz 

in the frequency sweeps were considered the quasi-static displacements.  

 Figure 4.1 shows the quasi-static displacements for two 0.127 mm thick PZT 

actuators with lengths of 31.8 mm and 72.4 mm. Here, the horizontal axis is applied 

voltage and the vertical axis is the quasi-static displacement. There is clearly a non-

linear trend, as the slopes of the displacement vs. voltage curves are not constant for 

each line. This can be explained by the non-linear effects of the piezoelectric actuation. 

Higher applied electric fields generally cause the bimorphs to be “softer” (less 

structurally stiff), allowing for higher bending displacements to occur. The same effect 

                                                 

Portions of this chapter previously appeared as: Chan, W. K., Clingman, D. J., and Amitay, M., 

“Development of in-series piezoelectric bimorph bending beam actuators for active flow control 

applications,” Proceedings of SPIE 9801, Industrial and Commercial Applications of Smart Structures 

Technologies, SPIE, Las Vegas, NV, 2016, pp. 1–20. 

 

Portions of this chapter previously appeared as: Dell’Orso, H., Chan, W., and Amitay, M., “Induced stall 

cells on a NACA0015 airfoil using passive and active trips,” 8th AIAA Flow Control Conference, AIAA, 

Washington, D.C., 2016, pp. 1–28. 
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was observed repeatedly by Wang et. al
31

. Another source of non-linearity may also stem 

from the specific geometry of the proprietary end connection design.  

 It can also be observed that for a given voltage, when the actuator length is 

increased, the achievable displacement increases as well. This makes sense because the 

same bending moment applied to a longer beam results in a larger transverse 

displacement than when applied to a shorter beam. 

 Figure 4.2 and Figure 4.3 are the quasi-static displacement plots for 0.267 mm 

thick and 0.508 mm thick PZT actuators, respectively. In each figure, displacements for 

the 25.4 mm, 50.8 mm, and 72.4 mm lengths are plotted. Again, from both figures, it can 

be seen that for a given PZT length and thickness, actuation for increasing voltages is 

non-linear. In addition, when comparing the three figures, it can be found that among 

constant length actuators and under the same voltage, thicker actuators achieve smaller 

maximum quasi-static displacements. For example, for the 72.4 mm length PZT 

actuators with 50 V applied, the 0.127 mm actuator achieved 0.752 mm, the 0.267 mm 

actuator achieved 0.283 mm, and the 0.508 mm actuator achieved 0.071 mm. This trend 

is summarized in Figure 4.4, which shows the comparison of quasi-static displacement 

among multiple actuators with a PZT length of 72.4 mm and varying thicknesses. This 

occurs because the free strain in a sample of PZT is dependent on both PZT thickness 

and applied voltage. In other words, thicker PZT sheets require a higher voltage to 

produce the same amount of strain. Another reason for this trend is that the thicker PZT 

bimorphs have higher bending stiffness, so larger bending moments are required to 

achieve the same transverse displacements as thinner bimorphs.  

4.1.1.1 Quasi-Static Displacement Comparison with Model 

The experimental displacement values were compared with the results from the quasi-

static model.  The comparison plots are shown in: Figure 4.5 for the 0.127 mm thick, 

72.4 mm long PZT actuator; Figure 4.6 for the 0.267 mm thick, 50.8 mm long PZT 

actuator; Figure 4.7 for the 0.267 mm thick, 72.4 mm long PZT actuator; and Figure 4.8 

for the 0.508 mm thick, 50.8 mm long PZT actuator. In all of the figures, the 

experimental data points are plotted as black squares and overlaid with the quasi-static 

model solution values in red. These plots clearly show the non-linearity present in the 
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piezoelectric actuation. The theoretical lines all have a constant slope because the model 

did not predict or compensate for the non-linear effect.  

 The quasi-static displacement comparison plots show fairly good correlation 

between the experimental and theoretical values. In general, the values are very close for 

lower actuation voltages, but become increasingly dissimilar as voltage is increased, 

where the experimental values are higher than the predicted values. This is true for all 

figures other than that for the 0.508 mm thick, 50.8 mm long PZT actuator. It is possible 

that this discrepancy was due to an inaccuracy in the bending stiffness used for that 

actuator, which has a significant effect on the quasi-static model values’ slope. This was 

a greater concern for the thicker (0.508 mm) actuators, for which there was higher 

variation in the experimental bending stiffness. However, the figures nevertheless show 

that the model is certainly capable of predicting the quasi-static displacement of various 

actuators to a satisfactory degree. The maximum and average percent errors between the 

experimental and theoretical values are shown in Table 4.1.  

Table 4.1: Percent errors for quasi-static displacement values 

PZT Thickness 

(mm) 

PZT Length 

(mm) 

Maximum Percent 

Error (%) 

Average Percent 

Error (%) 

0.127 72.4 21.4 10.6 

0.267 50.8 30.8 15.8 

0.267 72.4 25.2 14.2 

0.508 50.8 22.8 11.6 

 

4.1.2 Frequency Sweeps 

To determine the displacement performance of the in-series design for varying 

frequencies, frequency sweep testing was performed for each of the actuators that were 

fabricated. These sweeps are shown in Figure 4.9 through Figure 4.16, where the 

horizontal axes indicate frequency and the vertical axes indicate peak-to-peak 

displacement.  

As expected, when the input voltage amplitude increases, the peak-to-peak 

displacement amplitude at constant frequencies increases as well. The frequency sweeps 

also clearly indicate the resonance frequency of the piezoelectric actuators. At low 

frequencies, the peak-to-peak displacement remains relatively constant for a certain 
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voltage, indicating quasi-static displacement. However, as the driving frequency rises, 

peak-to-peak displacement increases until it reaches a maximum at a particular 

frequency, indicating resonance. After this point, as frequency increases further, the 

displacement values decrease significantly.  

 Figure 4.9 is the frequency sweep for the 0.127 mm thick, 72.4 mm long PZT in-

series bimorph actuator. The displacement limit is indicated at 5 mm and resonance 

occurs around 62 Hz. Interestingly, there is a slight bump in displacement prior to 

resonance; this effect was seen repeatedly for most actuators that were tested. It is 

believed that this is an artifact or secondary mode due to the structural dynamics of the 

end connection design. This unexpected bump in resonance was not observed when 

frequency sweeps were performed for individual bimorphs without the end connections 

attached. Also, it is not believed that this is due to the vibration of attached leads because 

the same effect at the same frequencies was seen with varying wiring configurations. For 

some actuators, a seemingly similar discontinuity was observed after resonance. For the 

0.127 mm thick, 72.4 mm long PZT actuator, the phenomenon was observed at about 22 

Hz and 112 Hz.  

 Figure 4.10 is the frequency sweep for the 0.267 mm thick, 72.4 mm long PZT 

in-series bimorph actuator. The displacement limit is indicated at 6 mm and resonance 

occurs at about 70 Hz. Bumps in peak-to-peak displacement can be seen at about 24 Hz 

and 98 Hz.  

 Figure 4.11 is the frequency sweep for the 0.508 mm thick, 72.4 mm long PZT 

in-series bimorph actuator. The displacement limit is indicated at 5 mm and resonance 

occurs at about 90 Hz. A bump in displacement can be seen at around 32 Hz. 

Interestingly, it can also be seen that as the applied voltage amplitude increases, the 

frequency sweep curves move slightly towards the left, indicating marginally lower 

resonance frequencies. This can again be explained by the non-linearity of piezoelectric 

actuation which decreases the bending stiffness at higher electric fields, affecting the 

structural dynamics and decreasing the beam's resonance frequency. 

 Figure 4.12 is the frequency sweep for the 0.267 mm thick, 50.8 mm long PZT 

in-series bimorph actuator. The displacement limit is indicated at 3 mm and resonance 
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occurs at around 149 Hz. Discontinuities in displacement can be seen at about 50 Hz and 

200 Hz.  

 Figure 4.13 is the frequency sweep for the 0.508 mm thick, 50.8 mm long PZT 

in-series bimorph actuator. The displacement limit is indicated at 3 mm and resonance 

occurs at about 190 Hz. No significant bump in resonance is observed prior to 

resonance, but there are a couple of discontinuities at frequencies between 275 and 300 

Hz. Also, the 200 V displacement curve after resonance indicates lower displacements 

than expected. It is possible that there was a failure in the PZT structure during the 

frequency sweep, adversely affecting the actuator's displacement capabilities. 

Nevertheless, Figure 4.13 still adequately summarizes the actuator's performance 

characteristics.  

 Figure 4.14 is the frequency sweep for the 0.127 mm thick, 31.8 mm long PZT 

in-series bimorph actuator. The displacement limit is indicated at 2 mm and resonance 

occurs at around 210 Hz. A bump in displacement can be seen at around 74 Hz.  

 Figure 4.15 is the frequency sweep for the 0.267 mm thick, 25.4 mm long PZT 

in-series bimorph actuator. The displacement limit is indicated at 1.5 mm and resonance 

occurs at around 380 Hz.  

 Figure 4.16 is the frequency sweep for the 0.508 mm thick, 25.4 mm long PZT 

in-series bimorph actuator. The displacement limit is indicated at 1 mm and resonance 

occurs at around 380 Hz. For both the 0.267 mm and 0.508 mm thick actuators at the 

25.4 mm length, there is a large degree non-monotonic variation in the measured 

displacement. For example, in Figure 4.16, between 200 and 300 Hz, the displacement 

does not increase consistently. It is possible that this is due to the very short length of 

these actuators, which may have resulted in the inconsistent and erratic actuation.  

Several tendencies can be seen when comparing the frequency sweep plots of the 

different actuator dimensions fabricated; an array of these frequency sweeps is shown in 

Figure 4.17. The ranges in the axes are kept constant for all plots to allow for easy 

comparison among the different cases. For each plot, the horizontal axis is frequency 

from 0 to 500 Hz and the vertical axis is peak-to-peak displacement from 0 to 6 mm.  

 It is clear that actuators with different piezoceramic thicknesses had significantly 

different frequency responses even when the actuator length was kept constant. This is 
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because thicker beams have higher beam stiffness, which increases resonance frequency. 

Also, when actuator length is decreased for a given PZT thickness, the resonance 

frequency increases. This is intuitive from elementary structural dynamics analysis, 

which shows that shorter beams have higher resonance frequencies than longer beams. 

These two tendencies are summarized in Table 4.2, which lists the approximate 

resonance frequencies for all of the actuator dimensions that were fabricated. The only 

deviation from these trends is that the two actuators at the 25.4 mm length have the same 

resonance frequency. This may be due to manufacturing inconsistencies and the fact that 

at such a short length, the effect of length on the resonance of the structure is much more 

significant than the increase in PZT thickness. Again, the inconsistent and unpredictable 

performance for these short actuators may have also affected the observed resonance 

frequency.  

Table 4.2: Resonance frequencies of different actuators 

 

 

Another very important consideration when building the actuators was the 

manufacturing repeatability of the devices. In other words, it was imperative to evaluate 

whether the same performance could be achieved with different actuators of the same 

dimensions. For this reason, a reliability study was conducted in which five different 

actuators with the same dimensions (0.267 mm thick and 50.8 mm long PZT) were 

constructed. The results from this study can be seen in Figure 4.18, which shows the 

frequency sweeps for the five actuators (ACT 1-5). Large displacements near resonance 

were again avoided to prevent structural failure of the actuators and each of the four 

plots corresponds to a different voltage amplitude. From the plots, it is clear that the 

peak-to-peak displacements are very consistent and repeatable. There are higher 

dissimilarities in the displacements near resonance, but that is to be expected because 
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very minuscule variations in manufacturing can cause significant changes at resonance. 

Nevertheless, for the unloaded actuators, high repeatability was undoubtedly observed. 

4.2 Force Quantification 

In addition to the frequency sweeps, force data were acquired for the actuators in the 

form of static blocking force, peak-to-peak blocking force, forced negative displacement, 

and actuator load lines. This section reviews some of the results from the force testing of 

specific actuator dimensions.  

4.2.1 Static Blocking Force and Comparison with Model 

To quantify the static blocking force characteristics of the actuators, positive DC voltage 

signals were applied to the leads, the bimorphs were constrained from bending, and the 

output force at the middle length of the top beam was measured. Static blocking force is 

shown for the 0.127 mm thick, 72.4 mm long PZT actuator in Figure 4.19; for the 0.267 

mm thick, 72.4 mm long PZT actuator in Figure 4.20; and for the 0.267 mm thick, 50.8 

mm long PZT actuator in Figure 4.21. The plots are shown only for these three actuators 

because they were the main dimensions of interest. In these plots, the horizontal axis 

indicates DC voltage and the vertical axis indicates force. Also, in each figure, both the 

experimental and theoretical values from the quasi-static model are plotted.  

 For the 0.127 mm thick, 72.4 mm long PZT actuator, there is good correlation 

between the experimental and analytical values. Over the various voltages, the maximum 

error is 29.6% and the average error is 10.5%. For the 0.267 mm thick, 72.4 mm long 

PZT actuator, the maximum error is 40.4% and the average error is 30.7%. For the 0.267 

mm thick, 50.8 mm long PZT actuator, the maximum error is 70.0% and the average 

error is 46.6%. Clearly, for the shorter and thicker actuators, there are increasing 

differences between the experimental and predicted values. Also, the measured blocking 

forces are always below the theoretical values. This effect is likely caused by the fact 

that there is some energy lost in the end connections of the actuators. In other words, the 

design and structure of the ends allow for a certain degree of elastic compliance, so the 

actuators are not able to output the full theoretical force. It is possible that the errors 

increase with shorter and thicker actuators because they were trying to produce higher 
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magnitudes of force. With a higher force output, the compliance at the beam-ends had a 

greater effect, resulting in a higher percent error. It is important to note, however, that 

equipment inaccuracies could also have played a factor; the load cell had an accuracy of 

±0.049 N, which is not insignificant at the measured order of magnitude.   

4.2.2 Peak-to-Peak Blocking Force 

The peak-to-peak blocking force data are shown in Figure 4.22 for the 0.127 mm thick 

PZT actuators, Figure 4.23 for the 0.267 mm thick PZT actuators, and Figure 4.24 for 

the 0.508 mm thick PZT actuators. In each figure, there are plots for every length that 

was fabricated for the corresponding thickness.  

For these plots, the actuators were driven using a 1 Hz sine wave with various 

voltage amplitudes; the horizontal axis is time in seconds while the vertical axis is 

blocking force in Newtons. The load cell was lowered such that it was slightly in contact 

with the piezoelectric surface at the bottom of the displacement cycle; this was the point 

of minimum negative voltage. As the voltage varied above this point, the force exerted 

by the actuator increased and followed the sine-wave shape of the driving function. This 

peak-to-peak blocking force was recorded and plotted for four voltage amplitudes. The 

figure shows this force data over either 2.5 or 3.5 actuation cycles. As expected, when 

the voltage amplitude increases, the maximum (peak) blocking force increases as well; 

the peak force for each voltage is indicated by the horizontal lines. Furthermore, the 

spacing between each peak blocking force value is very even; this again indicates a 

linear relationship between the input voltage and resulting dynamic force of the 

actuators. This relationship is shown in Figure 4.25, which plots the force amplitude vs. 

voltage amplitude with 1 Hz actuation of the 0.267 mm thick PZT actuators of varying 

lengths. Each line, which represents a certain length, has a very consistent slope.  

It is extremely important to emphasize, however, that the forces shown here 

represent the "maximum peak-to-peak blocking force” of the actuators. This is different 

from the “traditional” static blocking force shown in previous figures because the zero 

force points correspond to the negative voltage amplitude. Additionally, the peak 

blocking force cannot be considered to be twice the static blocking force for a given 

voltage because the load cell was positioned at different heights according to the lower 
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bound of the actuation cycle. This is why the peak blocking force was higher for longer 

actuators at a given voltage; displacement amplitude is larger for longer actuators, so the 

load cell was moved farther down. Nevertheless, these plots are a good indication of the 

full range of forces that the actuators are capable of exerting for the given voltages.  

 Another important consideration was again the manufacturing reliability of the 

actuators with regards to the blocking force. To study this, peak-to-peak blocking force 

data were taken for the different actuators of the constant dimension (0.267 mm thick, 

50.8 mm long PZT). These data are plotted and shown in Figure 4.26, which clearly 

shows that there is a fair amount of repeatability with respect to the force exerted by 

different actuators of the same size. The difference between the highest peak force and 

the lowest peak force for a given voltage was about 20% of the average peak force for 

that particular voltage. 

4.2.3 Forced Negative Displacement Blocking Force 

To further quantify the design, forced negative displacement blocking force data were 

acquired for several 0.267 mm thick PZT actuators. For these tests, the load cell was 

lowered to be in contact with the middle length of the top bimorph. Then, it was further 

lowered to either 0.5 or 1.0 mm below the non-actuated state to achieve the "forced 

negative displacement" condition. Then, voltages between 25 and 200 V were applied to 

the actuators and the output blocking forces were measured. The data are shown in 

Figure 4.27 for the 25.4 mm, 50.8 mm, and 72.4 mm PZT lengths and the 0.5 mm and 

1.0 mm negative displacements. Here, the horizontal axis is applied DC voltage and the 

vertical axis is measured blocking force. The main purpose of these tests was to 

concisely and easily confirm the expectation that shorter actuators of the same thickness 

produce higher blocking force. This expectation is clearly substantiated in the plots.  

4.2.4 Actuator Load Lines and Comparison with Model 

Finally, the actuator load lines are plotted for the 0.127 mm thick, 72.4 mm long PZT 

actuator in Figure 4.28; for the 0.267 mm thick, 72.4 mm long PZT actuator in Figure 

4.29; and for the 0.267 mm thick, 50.8 mm long PZT actuator in Figure 4.30. For these 

tests, the force exerted by the middle length of the top bimorph was measured when the 
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actuator was allowed a certain deflection. This was done for several different voltages, 

and the experimental results were compared with theoretical values from the quasi-static 

model. In the plots, the black squares again indicate the measured values and the red 

dotted lines represent the predicted load lines. As is standard for load line plots, the 

horizontal axis intercepts represent free displacement and the vertical axis intercepts 

represent blocking force.  

 In Figure 4.28, for the different voltages tested, the experimental and analytical 

values generally correlate well with each other. The slopes of each line and the spacing 

between the lines from the test data are very similar to those predicted from the 

analytical model. However, there is a slight offset of the experimental data towards the 

right, especially for the 200 V case. It is believed that this can be attributed to the non-

linearity of the piezoelectric actuation and the end connections. 

 In the figures for the 0.267 mm thick PZT actuators, there is a significantly 

higher degree of discrepancy between the measured and theoretical values. In both 

Figure 4.29 and Figure 4.30, the experimental load line slopes generally have a smaller 

magnitude than the predicted lines. This causes the measured free displacement to be 

higher and the measured blocking force to be lower than the theoretical values. These 

trends are consistent with the data shown in previous sections. Free displacement is 

higher than predicted, especially for higher voltages, because of the non-linear actuation 

effect. Static blocking force is lower than the expected values because there is energy 

lost in the end connection due to elastic compliance.  

 Furthermore, it should again be mentioned that the load cell had an accuracy of 

±0.049 N, which is not far from the order of magnitude of the measured forces. As such, 

there is likely a non-negligible degree of error that can be contributed to the transducer 

itself. This can also explain that for the 50 V load lines in the 72.4 mm and 50.8 mm 

lengths for the 0.267 mm thick PZT actuators, the experimental values are consistently 

lower than the theoretical values.   

Nevertheless, the test data verified the analysis used for the quasi-static model 

due to the generally satisfactory correlation between the experimental and theoretical 

values for free displacement, static blocking force, and actuator load lines. Also, the 

frequency sweeps mentioned in this section showed the effective bandwidths of each 
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actuator and the dynamic displacements that could be achieved at certain frequencies. 

This information was then used for matching actuator dimensions to specific active flow 

control applications.  

4.3 Dynamic Vortex Generator Module Quantification 

As mentioned earlier, from the quantification of the various actuator dimensions, a 0.267 

mm thick and 50.8 mm long PZT actuator was chosen to drive the dynamic vortex 

generator. This was due to its high performance capabilities (most notably, 

displacement) at the flow instability frequency of interest. From the various frequency 

sweeps, this particular actuator dimension seemed to give the most promising 

performance at 40 and 140 Hz. After the DVG module was fabricated and assembled, a 

frequency sweep was taken; the location of measurement was the top edge of the vortex 

generator. This frequency sweep is shown in Figure 4.31.  

Unfortunately, as the frequency sweeps in Figure 4.12 and Figure 4.31 show, the 

addition of the VG attachments decreased resonance frequency from 149 Hz to about 

105 Hz. Although a decrease in resonance frequency was anticipated due to the 

additional mass, such a large shift was unexpected. Regardless, the installed actuator was 

still capable of producing a decent displacement at 140 Hz; 200 V amplitude at that 

frequency resulted in 1.35 mm peak-to-peak. Also, when comparing the two figures, the 

quasi-static displacements were very similar, indicating that the small additional mass 

had very little effect on the quasi-static performance of the actuator.  

Table 4.3: Actuation voltage amplitudes and phase angles used for SPIV experiments of the DVG 

module 

Peak to Peak 

Displacement (mm) 

Frequency 

(Hz) 

Voltage 

(V) 

Phase 

(°) 

0.5 40 1.65 20.2 

1.0 40 2.65 18.7 

0.5 140 1.58 187.5 

1.0 140 3.05 189.5 

 

As previously indicated, prior to the wind tunnel experiments, it was determined 

that the SPIV would be performed for two actuation heights: 0.5 mm and 1.0 mm peak-

to-peak. The necessary voltage amplitudes to achieve these displacements and the phase 
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differences between the actuation signal and output displacement were found 

experimentally. These values are summarized in Table 4.3.  

4.4 Airfoil Actuator Quantification 

The NACA 0015 airfoil actuator assembly with a carbon fiber beam installed was also 

quantified using a laser displacement sensor; the measurement location was at mid-span. 

Unlike the DVG, this device was actuated using a square waveform instead of a sine 

wave. This was because it was necessary to move the trip from the flush condition to the 

fully-erected condition as quickly as possible. Actuation was planned such that at the 

lowest negative voltage, the beam would be flush with the airfoil surface, while at the 

highest positive voltage, the beam would have a 2 mm height above the airfoil surface. 

Consequently, a negative voltage would be applied when a baseline (no stall cell) 

configuration was desired, and a positive voltage would be applied to induce a stall cell. 

As mentioned previously, a 200 V maximum amplitude was selected to avoid the risk of 

depoling the PZT and because this was the limit of the 50-gain MIDE amplifier.  

Displacement quantification of the actuator assembly was performed to 

determine the dynamic response when subjected to a sudden voltage jump from the 

negative to positive amplitudes. It was found that the actuator displacement exhibited 

considerable overshoot above the steady-state displacement, indicating a structurally 

underdamped system. After the overshoot, the displacement oscillated with decreasing 

amplitudes until finally reaching the steady-state value after a certain period of time. The 

oscillations were measured to be around 100 Hz, which was experimentally verified to 

be the resonance frequency of the actuator. These overshoots were not desired because it 

was unknown whether they would have an adverse influence while dynamically 

inducing the stall cells. To contend with the effect, it was decided that a resistor could be 

placed in series with the actuator assembly as a quick and effective solution. 

Piezoelectric devices act as capacitors, and the resulting RC network caused the voltage 

across the actuator to be gradually ramped up or down. The dynamic trip actuator 

assembly had a capacitance of 362 nF. Equation (4.1) describes the transient voltage 𝑉𝑐 

across a capacitor with capacitance, 𝐶, when placed in series with a resistor with 

resistance, 𝑅; here, 𝑉𝑐,max is the voltage output from the power source and 𝑇 is time.  
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 𝑉𝑐 = 𝑉𝑐,𝑚𝑎𝑥 (1 − 𝑒−
𝑇

𝑅𝐶) (4.1) 

 

Figure 4.32 shows this relationship with a voltage step of 200 V, a resistance of 10,000 

Ω, and a capacitance of 362 nF.  

To investigate the effectiveness of placing a resistor in series with the actuator 

assembly, a potentiometer was installed in the circuit, and dynamic displacement data 

were taken for incremental resistance values between 1,000 Ω and 30,000 Ω. Figure 4.33 

shows the transient displacement response of the trip when actuated with a step function 

signal from -175 V to 175 V at T = 0 seconds and with several representative resistances. 

As the resistance is increased, the overshoots and oscillation amplitudes decrease 

significantly. However, it was necessary to avoid using resistances that were too large 

because those required longer time to reach steady state. The resistances were narrowed 

down to several values and 10,000 Ω was eventually chosen because it did not allow for 

any displacement overshoot, decreased oscillation amplitude very quickly, and had a 

relatively short ramp up time.  

The transient displacement response of the actuator with various square-wave 

voltage amplitudes and a 10,000 Ω resistor is shown in Figure 4.34. All displacement 

curves are offset so the minimum displacements (at the negative voltage amplitude) are 

set to 0 mm. The horizontal axis indicates time in seconds while the vertical axis 

indicates displacement in mm. As expected, as voltage amplitude increases, the peak-to-

peak displacement increases as well. From the plot, it can be seen that a 2 mm peak-to-

peak displacement is achieved with a 185 V square-wave signal. Also, note that as the 

voltages increase, the number and magnitude of oscillations increase, and the actuator 

takes a longer time to reach steady state. This is expected because the higher 

displacement caused the actuator to overshoot a larger amount, resulting in greater 

oscillations. It must be mentioned that there is a difference between the displacement 

response for the 175 V 10,000 Ω case in Figure 4.33 and Figure 4.34. The displacement 

seems to be more damped in Figure 4.34 and reaches steady state after a smaller number 

of oscillations. The reasoning behind this is believed to be the fact that the data in Figure 

4.33 were taken with the actuator outside of the airfoil and the data in Figure 4.34 were 
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taken with the actuator installed in the airfoil. This makes sense because the 

configuration used for Figure 4.34 meant that there was slight friction (rubbing) between 

the carbon fiber trip and adjacent airfoil wall. Nevertheless, the reasoning behind the use 

of a resistor and its value of 10,000 Ω still holds true. 

Finally, the specific voltages required to actuate the dynamic trip to the flush and 

fully-erected positions were determined experimentally. A DC voltage was applied to 

the actuator assembly and was varied until the carbon fiber beam reached certain 

incremental heights between 0 mm and 2 mm. These data are displayed in Figure 4.35, 

which shows the static chord-normal displacement with applied DC voltage; here, 0 mm 

indicates a flush condition with the airfoil surface. For the vast majority of the 

displacement range, the relationship followed a very linear trend. However, a slightly 

more negative voltage was required to reach the 0 mm condition; it is believed that this 

was due to friction between the carbon beam and airfoil slit boundaries. Also, applying 0 

V did not correspond to a 1 mm protrusion height. This is because, due to manufacturing 

imperfections, the trip was not installed exactly 1 mm above the local airfoil surface. 

Nevertheless, it was found that -192.5 V was required to get the carbon fiber beam flush 

with the airfoil surface and 177.5 V was required to reach the 2 mm height. This 

correlates extremely well to the peak-to-peak static displacement measurements; with a 

square-wave function, a 185 V amplitude (370 V peak-to-peak) voltage was necessary to 

generate a 2 mm peak-to-peak displacement. The voltage difference between the 

maximum and minimum DC voltages was 177.5 V- (-192.5 V) = 370 V, which agrees 

exactly with the 370 V peak-to-peak voltage from the square-wave tests. The airfoil 

model underwent pressure data and SPIV experiments and the actuator assembly was 

driven using a square-wave signal corresponding to these maximum and minimum 

voltages
29

. 

4.5 Endurance Testing Results 

Fourteen different endurance testing cases were run for a single 0.267 mm thick, 50.8 

mm long PZT actuator. The major parameters for each case are summarized in Table 

4.4. Overall, the actuator exhibited very good reliability and endurance; in total, the 

actuator ran for about 1,210 hours or 383 million cycles. The testing showed that there 
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was very little variation in the peak-to-peak displacement of the actuator during the long 

periods of actuation. This is supported by the very low coefficient of variation 

percentages as shown in the table. Figure 4.36 is an example plot for the displacements 

measured in case 11; the horizontal axis is the time elapsed in hours and the vertical axis 

is the peak-to-peak displacement. There was also no observable degradation in the 

performance, as the average displacement of the cases with the same voltage and 

frequency remained virtually constant. Consequently, it was determined that this 

actuator design could remain consistently operational for long periods of time.  

Table 4.4: Endurance testing table 

Case 

Time 

Elapsed 

(hours) 

Frequency 

(Hz) 

Average 

Displacement 

(mm) 

Coefficient of 

Variation (%) 

Number of 

Cycles 

(millions) 

1 3.0 120 2.915 0.438% 1.296 

2 5.0 120 3.022 0.557% 2.162 

3 35.2 175 1.986 0.552% 22.178 

4 23.1 175 1.974 0.869% 14.555 

5 83.5 175 1.955 1.244% 52.622 

6 219.9 10 1.448 0.766% 7.916 

7 93.0 40 1.525 0.611% 13.393 

8 65.3 100 1.789 0.442% 23.523 

9 46.7 100 1.799 0.973% 16.814 

10 21.1 100 1.774 0.959% 7.592 

11 258.7 100 1.809 1.128% 93.128 

12 170.3 100 1.808 0.816% 61.309 

13 93.2 100 1.802 0.555% 33.546 

14 92.0 100 1.753 1.144% 33.138 

 

4.6 Finite Element Analysis Results 

Finite element analysis simulations were run for all eight actuator dimensions and the 

DVG module to determine the ability of FEA to predict their resonance frequencies. 

Figure 4.37 is an example of the SOLIDWORKS Simulation results; it shows the mode 

shape of the 0.267 mm thick, 72.4 mm long PZT actuator and the corresponding 

resonance frequency value.  

 Table 4.5 lists the experimental and FEA resonance frequencies for the different 

actuators along with the percent errors. The table shows that the percent errors generally 
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decrease with thicker and longer actuators. It is possible that this is because for the 

shorter and thinner actuators, small manufacturing inconsistencies had a greater effect on 

the measured resonance frequencies. Nevertheless, it is clear that the finite element 

simulations were very capable of predicting the resonance frequencies of the actuators. 

Note that even with the DVG module’s loaded condition, the FEA simulations were able 

to predict the resonance frequency within 6%. This shows that finite element analysis 

can be a useful and accurate tool to determine the operating frequencies of in-series 

actuators loaded with active flow control devices. Also, with this tool, it is possible to 

avoid issues such as that noted in Section 4.3, where the addition of the VG attachment 

caused an unexpectedly large decrease in resonance.  

Table 4.5: Experimental and FEA resonance frequency comparison table  

PZT 

Length  

(mm) 

PZT Thickness  

(mm) 

Experimental  

Resonance 

(Hz) 

FEA 

 Resonance 

(Hz) 

Percent 

Error  

(%) 

25.4 0.267 380 421 10.8% 

25.4 0.508 380 416 9.5% 

31.8 0.127 210 167 20.5% 

50.8 0.267 149 144 3.4% 

50.8 0.508 190 183 3.7% 

72.4 0.127 62 55 11.3% 

72.4 0.267 70 72 2.9% 

72.4 0.508 90 92 2.2% 

50.8 (DVG) 0.267 (DVG) 105 99 5.7% 

 

4.7 SVG and DVG SPIV Results 

After the majority of the actuator development was completed, a SVG and a DVG driven 

by an in-series actuator were tested on a flat plate. Before data were taken with vortex 

generators installed, baseline SPIV data were acquired above the flat tunnel floor. This 

was done to confirm the boundary layer profile on the flat plate and to determine the 

boundary layer thickness. The boundary layer thickness was found to be δ = 3 mm, the 

freestream velocity was 10.6 m/s, and the profile is plotted in Figure 4.38. The vertical 

axis represents the distance from the wall normalized by the boundary layer thickness 

and the horizontal axis represents the streamwise velocity component normalized by the 
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freestream velocity. Both the experimental and the Blasius boundary layer profiles are 

shown in the figure. Clearly, there is good correlation between the experimental and 

analytical profiles. 

 After the baseline flow fields were acquired, SPIV was performed on both the 

SVG at different heights and the DVG with varying actuation parameters. The following 

section discusses the results from these tests. Note that all distances are normalized by 

the boundary layer thickness, δ, velocities are normalized by the freestream velocity, U∞, 

and vorticities are normalized by U∞/δ. Each case was acquired at three streamwise 

planes (x = 20 mm, 30 mm, and 40 mm) corresponding to x/δ = 6.67, 10, and 13.33, 

respectively.  

4.7.1 Static Vortex Generator Flow Fields 

Using the SVG module, time-averaged SPIV data were taken for six different SVG 

heights at the three downstream planes. The six SVG heights were 0 mm, 2.5 mm, 2.75 

mm, 3.0 mm, 3.25 mm, and 3.5 mm, corresponding to 0 δ, 5/6 δ, 11/12 δ, 1 δ, 13/12 δ, 

and 7/6 δ, respectively.  

 Figure 4.39 shows in-plane velocity vectors superimposed with streamwise 

velocity contours at the x/δ = 6.67 downstream plane and Figure 4.40 shows the related 

streamwise vorticity contours. Flow over the SVG from its pressure side to its suction 

side causes a clockwise vortex to be formed, when looking upstream. At the 5/6 δ SVG 

height, there is only one clear vortex near the z/δ = -3 position; this is the expected main 

vortex generated at the VG tip. As the SVG height is increased, there is a formation of a 

secondary smaller co-rotating vortex to the left of the main vortex. This is believed to be 

from the horseshoe vortex that results from the rollup of the boundary layer at the VG 

leading edge. Typically, two streamwise vortices are formed when this occurs. However, 

as was suggested by Leong et. al
23

, it is possible that the vortex on the suction side of the 

VG (associated with the second half of the horseshoe vortex) is not formed due to the 

significant pressure gradient at the leading edge. Higher SVG heights correspond to 

larger co-rotating vortices and greater separation between them; the distance between the 

vortex cores and the distance away from the wall also increases, as expected. The 

vorticity contours (Figure 4.40) exhibit the same trends, indicating two distinct vortices, 
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which grow in size and separation as the height of the SVG increases. As anticipated, the 

vorticity is negative inside the vortices due to their clockwise orientation. Below the 

main vortices, there is wall-induced positive vorticity. Note that in Figure 4.39, at the z/δ 

= -0.5 location, there is a rectangular area where the streamwise velocity is considerably 

lower than in the immediate surroundings. This is due to laser reflections on the VG 

edge, which affected the visibility of the particles at that location. This effect is not 

observed farther downstream because the reflections were not as powerful with the laser 

at those planes. 

Figure 4.41 shows the in-plane velocity vectors and streamwise velocity contours 

at x/δ = 10 and Figure 4.42 shows the corresponding streamwise vorticity contours. The 

same major observations from the upstream location (x/δ = 6.67) can be made. The main 

difference is that the in-plane vortices are larger at this location, which is to be expected 

because they grow in size as they propagate downstream.  

Figure 4.43 shows the in-plane velocity vectors and streamwise velocity contours 

at x/δ = 13.33 and Figure 4.44 shows the corresponding streamwise vorticity contours. 

Interestingly, these flow fields seem to show only one distinct vortex unlike those from 

the more upstream planes. It is believed that by this streamwise location, the two co-

rotating vortices combine into a single larger vortex. 

In addition, it can be seen that when comparing the contours from the three 

locations, the negative (clockwise) vorticity decreases in magnitude as downstream 

distance increases. Similarly, the axial velocity in the vortex cores increases. It should be 

noted that the streamwise velocity contours are not explicitly showing the vortex axial 

velocities since the vortex lines are not exactly parallel to the x-axis. However, because 

they are very close to each other, the same general trends that are seen for the 

streamwise velocities inside the vortex cores can be applied to the vortex axial 

velocities. These observations indicate that as the vortices advect downstream, they 

become weaker and diffuse into the freestream flow, which is expected. There is also a 

clear movement of the vortex cores to the left as they move downstream, which is due to 

their self-induced velocity. 
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4.7.2 Dynamic Vortex Generator Phase-Averaged Flow Fields 

To determine the effect of the VG’s vertical dynamic motion, phase-averaged data were 

acquired for the four actuation cases discussed in Section 2.5 at the same three x/δ 

measurement planes. The phase-locked data were obtained at 45° phase intervals. The 

four actuation cases were amplitudes of dh = δ/12 (0.25 mm) and dh = δ/6 (0.5 mm) at f 

= 40 Hz, and dh = δ/12 and dh = δ/6 at f = 140 Hz. The mean height for each actuation 

case was 3 mm, or hm = 1 δ. As a result, there is a total of twelve phase-averaged DVG 

datasets; each plot shows in-plane velocity vectors and streamwise velocity contours. It 

must be mentioned, however, that the data at a certain phase do not necessary 

correspond to the effect of the DVG at that phase. This is because the specific in-plane 

vortex generated at a certain DVG height takes time to propagate downstream. 

Therefore, in reality, when a plot is shown for a certain phase angle in the following 

figures, it corresponds to a DVG phase prior to that phase angle; the difference in these 

phases depends on the plane location. Nevertheless, the effect of the overall DVG 

actuation cycle can still be seen and compared in the phase-averaged datasets.  

 The results for the dh = δ/12 and f = 40 Hz actuation case at x/δ = 6.67, 10, and 

13.33 are shown in Figure 4.45, Figure 4.46, and Figure 4.47, respectively. At x/δ = 

6.67, the flow fields at each phase are very similar; the velocity fields each exhibit two 

small co-rotating vortex cores. This is because the actuation amplitude is small and at the 

x/δ = 6.67 location, the vortices had little time to develop. At x/δ = 10 (Figure 4.46), 

there is a much more noticeable difference between the different phases. At the  = 135° 

and 180° phases, there are two distinct vortex cores; however, at the  = 0° and 315° 

phases, there seems to be only one distinguishable core. This suggests that throughout 

the actuation cycle, at this plane, the distance between the main VG tip vortex and 

primary horseshoe vortex varies; at their closest distance, they start to combine. The 

maximum distance between vortex cores is about 1.5 δ at  = 135°. This confirms that 

the dynamic motion causes an effect similar to that of varying the SVG height. From 

Figure 4.41, it was seen that the lowest SVG height only generates a single vortex core, 

but the higher SVG heights result in two distinct cores. By x/δ = 13.33 (Figure 4.47), the 

individual vortices have combined into a single core due to downstream movement and 

size growth. Indeed, when comparing the three planes for these actuation parameters, it 
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is very clear that the two cores at each phase merge into a single core while moving in 

the positive z-direction. Moreover, the flow fields at x/δ = 13.33 correlate well with the 

oscillation pattern at x/δ = 10 because it shows that the vortex is largest (in terms of in-

plane area) when the phase is around  = 135° and 180° but is the smallest when the 

phase is around  = 0°.  

The results for the dh = δ/6 and f = 40 Hz actuation case at x/δ = 6.67, 10, and 

13.33 are shown in Figure 4.48, Figure 4.49, and Figure 4.50, respectively. The phase-

averaged plots in Figure 4.48 are very similar to those in Figure 4.45. The main 

difference is that the two vortices in each plot are slightly larger due to the greater 

actuation amplitude, and the distance between them is increased by about 0.2 δ. The 

same small differences can be made when comparing Figure 4.49 and Figure 4.46. 

Again, at x/δ = 10, there are two distinct vortex cores at  = 135° and 180° and they start 

to merge at  = 0° and 315°. At x/δ = 13.33 (shown in Figure 4.50), the vortex pairs are 

further combined.  

The results for the dh = δ/12 and f = 140 Hz actuation case at x/δ = 6.67, 10, and 

13.33 are shown in Figure 4.51, Figure 4.52, and Figure 4.53, respectively. The velocity 

fields are very similar to those at f = 40 Hz; the main dissimilarity is a difference in 

phase between the two sets of data. This is to be expected because, as previously 

mentioned, the plots at the downstream planes correspond to an actuator phase prior to 

the one stated. Due to the difference in actuation frequency and the fact that the 

freestream velocity stays the same, when comparing the 40 Hz and 140 Hz phase-

averaged flow fields, the DVG is not at the same points in the actuation cycle. For this 

reason, there is a phase shift between the data obtained in the 40 Hz and 140 Hz cases. 

For example, in Figure 4.45, the two vortex cores are farthest apart at  = 180°, but in 

Figure 4.51, they are farthest apart at  = 315°. Otherwise, the same overall trends and 

observations can be made for the f = 140 Hz case as the f = 40 Hz case with an 

amplitude of δ/12. The size of the vortices and the distance between each pair remain 

relatively consistent with the previous case as well.  

Next, the results for the dh = δ/6 and f = 140 Hz actuation case at x/δ = 6.67, 10, 

and 13.33 are presented in Figure 4.54, Figure 4.55, and Figure 4.56, respectively. 

Again, this DVG actuation case generated very similar flow fields to those from the dh = 
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δ/6 and f = 40 Hz case except for a shift in phase. Figure 4.54 clearly confirms the 

observation from Figure 4.51 that at f = 140 Hz, the vortices are the farthest apart at  = 

315°.  

4.7.3 Dynamic Vortex Generator Time-Averaged Flow Fields  

To further compare between the four different actuation cases, time-averaged data were 

acquired and are presented for each case at the same three streamwise planes discussed 

in the previous section. Note that for the time-averaged cases, data were acquired at a 

frequency that was different from the actuation frequency to obtain data at random 

points throughout the DVG’s actuation cycle. The time-averaged flow fields are shown 

at x/δ = 6.67 in Figure 4.57, x/δ = 10 in Figure 4.58, and x/δ = 13.33 in Figure 4.59.  

 As expected, there are two distinct vortex cores, which merge together and move 

in the positive z-direction as they propagate downstream. Comparison of the four cases 

in each of these figures shows that there is no real observable difference of DVG effect 

in the time-averaged sense; the four plots in each plane are very similar to each other. In 

other words, with respect to the current test parameters, both actuation frequency and 

amplitude had little noticeable impact on the DVG’s time-averaged effect.  

4.7.4 Comparison Between DVG and SVG SPIV Results 

Finally, the time-averaged flow fields of a static vortex generator and the phase-locked 

flow fields of a dynamic vortex generator were compared. For these comparisons, the 

actuation frequency is f = 140 Hz and the downstream location is x/δ = 13.33. It must 

again be noted, however, that there is a phase difference between what is seen at this 

downstream plane and the phase of the actuator.  As an attempt to correct for this, the 

appropriate phase of the actuator that corresponds to the x/δ = 13.33 plane was 

calculated. With a freestream velocity of 10.6 m/s, it takes 0.0038 seconds to move 

downstream by 40 mm (13.33 δ). The time period of a frequency of 140 Hz is 0.0071 

seconds; thus, the phase of the actuator is about 53% of a cycle ahead of the 13.33 δ 

plane at any particular point of time. The closest phase difference taken that corresponds 

with this shift is 180°. These calculations are shown here.  
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As a result, the comparisons between the SVG and DVG cases are shown with a 

negative 180° phase shift. Figure 4.60 through Figure 4.69 show these comparisons with 

in-plane velocity vectors and contours of streamwise velocity and vorticity contours. The 

titles above each DVG plot state the phase of the actuator at the moment in time when 

the image was acquired. In reality, the actuator phase that was responsible for the 

vortical flow at that plane is  = 180° behind; this is specified in the figure captions.  

 Figure 4.60 and Figure 4.61 show the comparison of the flow fields between the 

SVG case at h = 1 δ and the effect of the DVG at  = 0° (at h = 1 δ moving in the 

positive y-direction). These plots show vortices that are comparable in size but slightly 

different in shape. The vortex from the DVG seems to be marginally wider by about 0.5 

δ. From Figure 4.61, the SVG case has a higher negative vorticity magnitude.  

Figure 4.62 and Figure 4.63 show the comparison of the flow fields between the 

SVG at h = 1 δ and those of the DVG at  = 180° (at h = 1 δ moving in the negative y-

direction). As can be seen, for the SVG case, the flow field exhibits a distinguishable 

core with a clear minimum axial velocity in the center. However, the flow field 

associated with the DVG shows a more diffused and less distinct axial velocity profile at 

the center. It is possible that this is an effect of the DVG’s vertical dynamic motion. 

Also, for the SVG case, the vortex has a slightly more negative vorticity magnitude at its 

core. For both comparison cases, the in-plane velocities near the core are similar.  

Figure 4.64 and Figure 4.65 show the comparison between the SVG at h = 5/6 δ 

and the effect of the DVG at  = 270°. Like in the previous set of flow fields, the vortical 

structures in the two plots are significantly different. The flow field of the SVG case 

shows a distinct single vortex with a minimum axial velocity at the core, whereas the 

flow field of the DVG case exhibits a more dispersed and disorganized axial velocity 

profile. The decreased streamwise velocity area is larger for the DVG case than the SVG 

case. Also, the magnitudes of the in-plane velocities are much smaller, especially in the 
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wall normal direction. It is possible that this is because at this plane, the VG tip vortex 

and the main horseshoe vortex have not fully combined, resulting in unfavorable 

interference.  

Figure 4.66 and Figure 4.67 show the comparison between the flow field due to 

the presence of the SVG at h = 7/6 δ and that of the DVG at  = 90°. Interestingly, the 

trends seem to be reversed from what was observed in the previous two sets of images. 

At this VG height, the flow field due to the SVG exhibits a more diffused and less 

coherent axial velocity profile than that of the DVG case. The DVG plot has a very 

distinct single vortex with a small axial velocity at the core center. The small axial 

velocity and negative vorticity magnitude at the cores are similar to each other. The 

center of the vortex generated by the DVG is also about 0.25 δ higher than the center of 

the SVG vortex. In addition, the in-plane velocity vectors for the DVG case show a more 

distinct vortical pattern and have a slightly larger magnitude than those of the SVG case.  

When comparing the observations from Figure 4.60 through Figure 4.67, it can 

be concluded that the effect of the DVG is largest when it is at either its maximum or 

minimum heights ( = 90° and 270°), respectively. With the sine-wave actuation, these 

phase angles correspond to the VG’s minimum velocity but maximum acceleration in 

the cycle. As such, the added mass effect of the DVG, and consequently, the influence 

on the flow field, is the largest at these points of maximum acceleration.  

Figure 4.68 and Figure 4.69 show the last comparison between the flow fields of 

the SVG and DVG cases. Here, the time-averaged flow fields are of the SVG at h = 1 δ 

and the DVG at that mean height with dh = δ/6. The figures are shown with contour 

borders to more easily distinguish between the contour levels. The time-averaged flow 

fields of the SVG and DVG cases are fairly similar. The minimum axial velocity in the 

SVG vortex is slightly lower than that in the DVG vortex, but the in-plane size of the 

vortex is slightly larger for the DVG case. The negative vorticity magnitude is slightly 

higher for the SVG vortex core. Also, the in-plane velocities are similar between the two 

cases. These observations suggest that at these test parameters, including actuation 

frequency, amplitude, and downstream plane, the DVG fails to deliver a significant time-

averaged advantage over the SVG. However, it is possible that the DVG provides some 

advantages, through its dynamic motion and the oscillation between the co-rotating 
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vortex pairs, which cannot be seen in the time-averaged data. Consequently, further 

investigation, in the form of more detailed and quantitative analysis of the current data 

and additional SPIV experiments, are warranted before a final conclusion can be made.  
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Figure 4.1: Quasi-static displacements at various voltages for different 0.127 mm thick PZT 

actuators 
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Figure 4.2: Quasi-static displacements at various voltages for different 0.267 mm thick PZT 

actuators 
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Figure 4.3: Quasi-static displacements at various voltages for different 0.508 mm thick PZT 

actuators 
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Figure 4.4: Quasi-static displacement comparison for 72.4 mm long PZT actuators of different 

thicknesses 
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Figure 4.5: Comparison of experimental and analytical quasi-static displacement values for 0.127 

mm thick, 72.4 mm long PZT actuator 
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Figure 4.6: Comparison of experimental and analytical quasi-static displacement values for 0.267 

mm thick, 50.8 mm long PZT actuator 
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Figure 4.7: Comparison of experimental and analytical quasi-static displacement values for 0.267 

mm thick, 72.4 mm long PZT actuator 
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Figure 4.8: Comparison of experimental and analytical quasi-static displacement values for 0.508 

mm thick, 50.8 mm long PZT actuator 
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Figure 4.9: Variation of peak-to-peak displacement with driving frequency at different voltage 

amplitudes for 0.127 mm thick, 72.4 mm long PZT in-series bimorph actuator 
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Figure 4.10: Variation of peak-to-peak displacement with driving frequency at different voltage 

amplitudes for 0.267 mm thick, 72.4 mm long PZT in-series bimorph actuator 
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Figure 4.11: Variation of peak-to-peak displacement with driving frequency at different voltage 

amplitudes for 0.508 mm thick, 72.4 mm long PZT in-series bimorph actuator 
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Figure 4.12: Variation of peak-to-peak displacement with driving frequency at different voltage 

amplitudes for 0.267 mm thick, 50.8 mm long PZT in-series bimorph actuator 
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Figure 4.13: Variation of peak-to-peak displacement with driving frequency at different voltage 

amplitudes for 0.508 mm thick, 50.8 mm long PZT in-series bimorph actuator 
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Figure 4.14: Variation of peak-to-peak displacement with driving frequency at different voltage 

amplitudes for 0.127 mm thick, 31.8 mm long PZT in-series bimorph actuator 
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Figure 4.15: Variation of peak-to-peak displacement with driving frequency at different voltage 

amplitudes for 0.267 mm thick, 25.4 mm long PZT in-series bimorph actuator 
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Figure 4.16: Variation of peak-to-peak displacement with driving frequency at different voltage 

amplitudes for 0.508 mm thick, 25.4 mm long PZT in-series bimorph actuator 
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Figure 4.17: Frequency sweep comparison array 
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Figure 4.18: Frequency sweeps for five actuators with the same dimensions (0.267 mm thick, 50.8 

mm long PZT) 
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Figure 4.19:  Comparison of experimental and theoretical static blocking force values for 0.127 mm 

thick, 72.4 mm long PZT actuator 
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Figure 4.20: Comparison of experimental and theoretical static blocking force values for 0.267 mm 

thick, 72.4 mm long PZT actuator 
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Figure 4.21: Comparison of experimental and theoretical static blocking force values for 0.267 mm 

thick, 50.8 mm long PZT actuator 
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Figure 4.22: Peak-to-peak blocking force for 1 Hz actuation of 0.127 mm thick PZT in-series 

actuators with varying lengths 
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Figure 4.23: Peak-to-peak blocking force for 1 Hz actuation of 0.267 mm thick PZT in-series 

actuators with varying lengths 
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Figure 4.24: Peak-to-peak blocking force for 1 Hz actuation of 0.508 mm thick PZT in-series 

actuators with varying lengths 
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Figure 4.25: Variation of force amplitude with voltage amplitude when actuating 0.267 mm thick 

PZT actuators of different lengths at 1 Hz 
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Figure 4.26: Peak-to-peak blocking force comparison for multiple 0.267 mm thick, 50.8 mm long 

PZT actuators (each color represents a different actuator) 
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Figure 4.27: Forced negative displacement blocking forces for 0.267 mm thick PZT actuators of 

different lengths 
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Figure 4.28: Comparison between experimental and theoretical actuator load lines for 0.127 mm 

thick, 72.4 mm long PZT actuator 
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Figure 4.29: Comparison between experimental and theoretical actuator load lines for 0.267 mm 

thick, 72.4 mm long PZT actuator 
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Figure 4.30: Comparison between experimental and theoretical actuator load lines for 0.267 mm 

thick, 50.8 mm long PZT actuator 
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Figure 4.31: Frequency sweep for DVG module actuator (0.267 mm thick, 50.8 mm long PZT in-

series actuator with VG attached) 
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Figure 4.32: Voltage response over 362 nF capacitor in series with 10,000 Ω resistor 
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Figure 4.33: Dynamic displacement of actuator assembly with 175 V square wave and different 

resistances 
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Figure 4.34: Dynamic displacement of actuator assembly with 10,000 Ω resistor and different 

square-wave voltage amplitudes 
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Figure 4.35: Actuator static displacement values as a function of applied DC voltage 
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Figure 4.36: Endurance testing plot for 0.267 mm thick, 50.8 mm long PZT actuator 

 

 

Figure 4.37: Example of finite element analysis simulation output 
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Figure 4.38: Comparison between Blasius boundary layer profile and experimental velocities 
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Figure 4.39: Time-averaged SPIV flow fields with velocity vectors and contours at x/δ = 6.67 for 

SVG at different heights relative to boundary layer thickness 
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Figure 4.40: Time-averaged SPIV flow fields with velocity vectors and vorticity contours at x/δ = 

6.67 for SVG at different heights relative to boundary layer thickness 
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Figure 4.41: Time-averaged SPIV flow fields with velocity vectors and contours at x/δ = 10 for SVG 

at different heights relative to boundary layer thickness 
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Figure 4.42: Time-averaged SPIV flow fields with velocity vectors and vorticity contours at x/δ = 10 

for SVG at different heights relative to boundary layer thickness 
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Figure 4.43: Time-averaged SPIV flow fields with velocity vectors and contours at x/δ = 13.33 for 

SVG at different heights relative to boundary layer thickness 
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Figure 4.44: Time-averaged SPIV flow fields with velocity vectors and vorticity contours at x/δ = 

13.33 for SVG at different heights relative to boundary layer thickness 



105 

 

 

Figure 4.45: Phase-averaged SPIV flow fields with velocity vectors and contours at x/δ = 6.67 for 

DVG where f = 40 Hz and dh = δ/12 



106 

 

 

Figure 4.46: Phase-averaged SPIV flow fields with velocity vectors and contours at x/δ = 10 for DVG 

where f = 40 Hz and dh = δ/12 
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Figure 4.47: Phase-averaged SPIV flow fields with velocity vectors and contours at x/δ = 13.33 for 

DVG where f = 40 Hz and dh = δ/12 
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Figure 4.48: Phase-averaged SPIV flow fields with velocity vectors and contours at x/δ = 6.67 for 

DVG where f = 40 Hz and dh = δ/6 
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Figure 4.49: Phase-averaged SPIV flow fields with velocity vectors and contours at x/δ = 10 for DVG 

where f = 40 Hz and dh = δ/6 
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Figure 4.50: Phase-averaged SPIV flow fields with velocity vectors and contours at x/δ = 13.33 for 

DVG where f = 40 Hz and dh = δ/6 
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Figure 4.51: Phase-averaged SPIV flow fields with velocity vectors and contours at x/δ = 6.67 for 

DVG where f = 140 Hz and dh = δ/12 
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Figure 4.52: Phase-averaged SPIV flow fields with velocity vectors and contours at x/δ = 10 for DVG 

where f = 140 Hz and dh = δ/12 
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Figure 4.53: Phase-averaged SPIV flow fields with velocity vectors and contours at x/δ = 13.33 for 

DVG where f = 140 Hz and dh = δ/12 
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Figure 4.54: Phase-averaged SPIV flow fields with velocity vectors and contours at x/δ = 6.67 for 

DVG where f = 140 Hz and dh = δ/6 
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Figure 4.55: Phase-averaged SPIV flow fields with velocity vectors and contours at x/δ = 10 for DVG 

where f = 140 Hz and dh = δ/6 
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Figure 4.56: Phase-averaged SPIV flow fields with velocity vectors and contours at x/δ = 13.33 for 

DVG where f = 140 Hz and dh = δ/6 
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Figure 4.57: Time-averaged SPIV flow fields with velocity vectors and contours at x/δ = 6.67 for 

various DVG actuation parameters 
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Figure 4.58: Time-averaged SPIV flow fields with velocity vectors and contours at x/δ = 10 for 

various DVG actuation parameters 
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Figure 4.59: Time-averaged SPIV flow fields with velocity vectors and contours at x/δ = 13.33 for 

various DVG actuation parameters 
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Figure 4.60: Comparison between time-averaged SVG and phase-averaged DVG flow fields at x/δ = 

13.33 for h = 1 δ, actuator phase = 180°, and plane phase = 0° with velocity vectors and contours 

 

 

Figure 4.61: Comparison between time-averaged SVG and phase-averaged DVG flow fields at x/δ = 

13.33 for h = 1 δ, actuator phase = 180°, and plane phase = 0° with velocity vectors and vorticity 

contours 
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Figure 4.62: Comparison between time-averaged SVG and phase-averaged DVG flow fields at x/δ = 

13.33 for h = 1 δ, actuator phase = 0°, and plane phase = 180° with velocity vectors and contours 

 

 

Figure 4.63: Comparison between time-averaged SVG and phase-averaged DVG flow fields at x/δ = 

13.33 for h = 1 δ, actuator phase = 0°, and plane phase = 180° with velocity vectors and vorticity 

contours 
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Figure 4.64: Comparison between time-averaged SVG and phase-averaged DVG flow fields at x/δ = 

13.33 for h = 5/6 δ, actuator phase = 90°, and plane phase = 270° with velocity vectors and contours 

 

 

Figure 4.65: Comparison between time-averaged SVG and phase-averaged DVG flow fields at x/δ = 

13.33 for h = 5/6 δ, actuator phase = 90°, and plane phase = 270° with velocity vectors and vorticity 

contours  
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Figure 4.66: Comparison between time-averaged SVG and phase-averaged DVG flow fields at x/δ = 

13.33 for h = 7/6 δ, actuator phase = 270°, and plane phase = 90° with velocity vectors and contours 

 

 

Figure 4.67: Comparison between time-averaged SVG and phase-averaged DVG flow fields at x/δ = 

13.33 for h = 7/6 δ, actuator phase = 270°, and plane phase = 90° with velocity vectors and vorticity 

contours 
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Figure 4.68: Comparison between time-averaged SVG and time-averaged DVG flow fields at x/δ = 

13.33 for h = 1 δ and dh = δ/6 with velocity vectors and contours 

 

 

Figure 4.69: Comparison between time-averaged SVG and time-averaged DVG flow fields at x/δ = 

13.33 for h = 1 δ and dh = δ/6 with velocity vectors and vorticity contours 
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5. SUMMARY AND CONCLUSIONS

 

A novel piezoelectric actuator design placing two piezoelectric bimorph beams in series 

has been developed. Unlike previous similar devices, the proprietary end connection 

design allows for rotation at the beam-ends, resulting in actuators capable of higher free 

displacements. Although some blocking force efficiency is lost in the end connection, 

these actuators are useful for active flow control applications, where achievable 

displacement is of higher importance.  

A quasi-static model using elementary beam theory and the piezoelectric 

characteristics was formulated to analytically predict actuator performance. The moment 

equations in each bimorph beam were written in terms of applied load and internal 

piezo-induced moments; they were then integrated to determine the transverse 

displacement equations. This was implemented into a MATLAB code capable of 

calculating free displacement and output force given the bimorph dimensions, material 

parameters, and applied voltage. Similarly, the actuator architecture was evaluated using 

finite element analysis in SOLIDWORKS Simulation to predict resonance frequencies. 

The actuators were modeled in CAD and the optimal mesh parameters, including 

element edge lengths, were found.  

Experimental data were taken for actuators of different dimensions in the forms 

of frequency sweeps, static and peak-to-peak blocking force, and actuator load lines 

through the use of a laser displacement sensor and a load cell. Quasi-static displacement 

was plotted with voltage and showed that non-linear effects exist when these devices are 

actuated with high electric fields. It was found that at a certain voltage, thinner and 

longer actuators could achieve greater quasi-static displacements. The experimental and 

theoretical quasi-static displacement performance characteristics were compared with 

each other and generally exhibited close correlation except in the non-linear regimes. 

The average percent error for this displacement comparison varied from 10.5% to 15.8% 

for the actuators analyzed. 

                                                 
Portions of this chapter previously appeared as: Chan, W. K., Clingman, D. J., and Amitay, M., 

“Development of in-series piezoelectric bimorph bending beam actuators for active flow control 

applications,” Proceedings of SPIE 9801, Industrial and Commercial Applications of Smart Structures 

Technologies, SPIE, Las Vegas, NV, 2016, pp. 1–20. 
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 Frequency sweeps were taken and plotted for every actuator dimension that was 

fabricated. The non-linear effect of piezo-actuation at high electric fields was also 

apparent throughout the frequency sweep plots. Resonance frequencies were determined 

to be those at which the displacement vs. frequency curves peaked. Several expected 

trends were found when comparing the frequency responses of the different actuators. 

For a given PZT thickness, when actuator length was decreased, resonance frequency 

increased. Similarly, for a given PZT length, when actuator thickness was increased, 

resonance frequency increased as well.  

 Static blocking force was measured with varying actuation voltages and plotted 

with analytical values from the quasi-static model. The errors for the blocking force 

were higher than those for the quasi-static displacement. It is believed that this was due 

to elastic compliance at the beam-end connections, resulting in lower experimental 

blocking forces than predicted. Peak-to-peak blocking force was also measured and 

plotted. It was noted that while this type of force data is unconventional and somewhat 

inconsequential, it still serves as an indication of the full range of forces that the 

actuators can exert at a given voltage. The final force data type was actuator load lines, 

which show the actuators’ force vs. loaded displacement capabilities. Again, these were 

plotted alongside analytical predictions from the quasi-static model and showed good 

correlation when considering the non-linear effects. In general, it was determined that 

model developed in this study is a good tool to predict the quasi-static capabilities of the 

in-series actuators with specific dimensions before they are fabricated. 

A manufacturing repeatability study was also performed; five unloaded actuators 

with the same dimensions (0.267 mm thick and 50.8 mm long PZT) were fabricated. The 

study showed that consistent displacement and force performance could be obtained 

from multiple actuators with the same dimensions. 

The experimental data were very useful in determining the dynamic performance 

of the actuators, allowing specific actuator dimensions to be matched to particular active 

flow control applications. With this data, a test module incorporating an in-series 

actuator to drive a dynamic vortex generator in a crossflow was designed and fabricated. 

A parametrically identical static vortex generator module, to which the DVG could be 

compared, was also designed and fabricated. Frequency sweep quantification was 
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performed on the DVG module, revealing that the added VG mass and slit boundary 

conditions dramatically lowered the resonance frequency for the actuator by about 50 

Hz. Nevertheless, specific actuator parameters were chosen and the module was 

prepared for wind tunnel experiments.  

Similarly, actuators were integrated into a NACA 0015 airfoil to drive a dynamic 

trip capable of inducing stall cells. This application took advantage of the in-series 

actuators’ ability to very quickly propel and retract a trip into and out of a crossflow. 

Quantification of the transient displacement response of the actuator to a square-wave 

signal showed that there was significant overshoot and underdamped oscillation relative 

to the steady-state displacement. To compensate for this, resistances of varying 

magnitudes were placed in series with the actuator, essentially creating an RC network, 

which caused the voltage across the actuator to be ramped up. The optimal resistance 

was chosen and the trip’s static displacements of interest and corresponding voltages 

were quantified.  

Endurance testing was performed to evaluate the long-term reliability of the in-

series actuator architecture. It was found that the design could run for extended periods 

of time without any significant displacement performance depreciation; the actuator 

assessed surpassed 380 million cycles without degradation. Also, the resonance 

frequencies found from FEA closely matched the resonance values determined in the 

experimental frequency sweeps; almost all of the resonance frequency percent errors 

were within 10%. It was noted that an FEA study should always be performed before 

fabricating actuators for a specific flow control application. This is useful in determining 

the resonance frequency of the actuator in the loaded configuration, and avoids 

unexpected changes in resonance.  

Finally, the results from SPIV testing of the static and dynamic vortex generators 

in the small subsonic wind tunnel were shown. Baseline measurements showed a 

boundary layer height of 3 mm and a freestream velocity of 10.6 m/s. Comparison of the 

experimental boundary layer profile with the Blasius profile showed good correlation. 

Velocity measurements for the SVG case were taken at six static heights between 0 δ 

and 7/6 δ and at three downstream planes. It was found that above the minimum height, 

two vortices were generated downstream of the VG; it is likely that one was the main 
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VG vortex while the other was half of the horseshoe vortex. As the vortices propagated 

downstream, they merged into a single larger vortex while moving in the spanwise 

direction.  

Phase-locked flow fields of the DVG case were also acquired and presented. 

They showed that throughout the DVG actuation cycle, the two vortices got closer 

together then farther apart. It was found that when analyzing the phase-averaged fields, 

the cases corresponding to the same actuation amplitude were very similar. In other 

words, with a certain DVG displacement amplitude, the only clearly observable 

difference between the actuation frequencies of 40 Hz and 140 Hz was a shift in phase. 

As expected, when comparing between the δ/12 and δ/6 actuation amplitude cases, the 

larger amplitude actuation caused slightly larger vortices. Time-averaged velocity fields 

of the DVG case with the four different actuation parameters were also compared with 

each other. It was noted that at a given downstream plane, the DVG displacement 

amplitude and frequency had minimal effect in the time-averaged sense. 

Finally, comparisons between the flow fields of the SVG at a certain height and 

the DVG at the same height during its actuation cycle were conducted. To perform 

accurate comparisons, a phase shift compensating for the downstream propagation of the 

vortices was calculated and implemented. The results showed that the DVG had the 

greatest influence at  = 90° and 270° since they correspond to the points of maximum 

acceleration, and subsequently, added mass. Comparison between the time-averaged 

flow fields for the SVG with a height of 1 δ and the DVG with the same mean height 

revealed that with the current test parameters, dynamic actuation had little effect in the 

time-averaged sense. Further examination with more detailed quantitative analysis is 

recommended.  
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6. FUTURE WORK AND RECOMMENDATIONS 

Future work includes the development of a theoretical model to predict the dynamic 

performance of the actuator. This will be based on using Lagrange’s equations to 

determine the equations of motion from the actuator’s kinetic energy, potential energy, 

and applied force. While the FEA analysis is a powerful tool to predict the resonance 

frequency of the actuators, a dynamic model would be significantly more valuable. It 

would be able to predict the entire frequency response of the actuator including the 

displacement magnitude at each frequency.  

Additional and more thorough endurance testing of the actuators is warranted. 

The endurance testing performed in this study was for a single unloaded actuator. To 

further verify the viability of these designs in active flow control applications, it is 

necessary to evaluate multiple actuators in loaded configurations.  

 As previously mentioned, more comprehensive analysis of the current SPIV data 

should be performed. The SPIV results noted in this work were inconclusive and did not 

show a significant advantage or disadvantage when comparing the static and dynamic 

vortex generators. The results discussed here were also relatively qualitative. It may be 

useful to more exhaustively investigate the results such as quantitatively determining the 

vortex sizes, core locations, and in-plane velocity magnitudes. Similarly, calculating the 

turbulent kinetic energy in the flow field should be considered. This would be especially 

useful in determining the possible benefits of a DVG due its influence on the fluctuating 

velocity components in the flow field. SPIV data with higher frequency resolution (10° 

intervals) was taken but has not yet been analyzed. In addition, it may be useful to obtain 

phase-locked volumes of data to visualize the entire three-dimensional flow field.  

Finally, different techniques for transitioning actuator manufacturing to larger 

scale and automated operations should be explored. Currently, the entire fabrication 

process is performed by hand; consequently, there are inherent inconsistencies between 

actuators, as well as low output volumes. Automation of the build process would allow 

for more dependable consistency among actuators of the same dimension and quicker 

manufacturing times. Technologies that could be utilized in this application include an 

overhanging gantry system to build up the different layers and additive manufacturing 

techniques to automatically integrate the electrical wiring. 
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 Overall, testing of the in-series actuators showed that they are a viable design for 

use in active flow control devices. As such, implementation into new AFC technologies 

is possible and recommended.  
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