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In recent years there has been an interest in studying and understanding natural 

flyers to incorporate some of their features into small engineered flying systems. Natural 

flyers display desirable flight characteristics, such as increased maneuverability, that 

could be used in the design of micro air vehicles. The present study is aimed at 

understanding the effect of flexibility on the aerodynamic performance and flow around 

plunging flexible wings. The value of wing stiffness is varied using a predetermined 

scaling parameter, defined as the ratio of elastic to aerodynamic forces. The first part of 

the study consisted of matching conditions from previous water tunnel studies to 

investigate the requirement of dynamic similarity using the wing stiffness parameter. 

This study investigates the unsteady flow phenomena generated from plunging wings 

with varying flexibility. The structures are then analyzed to understand the mechanisms 

for force production. The measurements showed that large deflections at the tip 

produced strong leading edge vortices. However, when the tip-root lag is greater than 

70°, the effects are adverse resulting in no leading edge vortex development. In order to 

understand wing flexibility further, experiments were performed using a laser Doppler 
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Vibrometer to understand the modal properties for each wing with varying flexibility 

parameter.  

The second set of experiments consists of studying wings that do not have twist 

constrained. The ratio of plunging to natural frequency is varied between the value for 

maximum propulsive efficiency and for maximum propulsive force. This set will allow for 

comparison with the previous studies, in an attempt to understand the effect of the twist 

on the flow, and performance. It will also serve to understand the flow phenomena for 

the cases of maximum efficiency and maximum force. This will provide a framework for 

the study of wing flexibility using force, flow and structural measurements.  
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CHAPTER 1 
INTRODUCTION 

Motivation 

Natural flyers display many desirable flight characteristics that could be used in the 

design of micro air vehicles (MAVs)[1]–[6]. Insects and birds are able to handle wind 

gusts, avoid objects with great maneuverability, as well as hover. The kinematics 

observed in biological flyers is complex, often involving highly deformable wing shapes 

and coordinated wing-tail movement[7]–[11]. The motions involve flexing, twisting, 

bending and rotating the wings throughout the flapping cycle, leading to a complex fluid-

structure interaction that is not fully understood[12], [13]. This creates highly coupled 

nonlinearities in structural dynamics and fluid dynamics making it a rich field of study 

[14].  

MAVs capable of mimicking natural flyers would prove helpful in areas such as 

remote sensing and information gathering for both civilian and homeland security 

applications. Recently there have been many vehicle concepts that were developed in 

order to address these mission requirements. The Aerovironment Nano Hummingbird, a 

small hovering ornithopter with a wingspan of 16.5 cm, has demonstrated its ability to 

achieve controlled flight (hover and forward) strictly with the use of its flapping wings, a 

feature only achievable by biological flyers previously[15]. It hovers and sustains flight 

for several minutes, and transmits color video to a remote station, while closely 

resembling a hummingbird. Other examples of successful flapping wing MAVs are the 

Delfly I,II and Micro[16] from the Delft University of Technology, the Microrobotic Fly 

from the University of Harvard[17], the Mentor from SRI international and UTIAS[18], 

and the commercially available iBird[19]. Even though there are a number of working 
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vehicles, the aerodynamics, structural, and control implications of the many modes seen 

in biological flight are not understood enough for efficient design[14]. 

One of the main features common to many natural flyers is their deformable wing 

structure. Wing flexibility has been recognized as an important aspect for insect and bird 

flight aerodynamics[20]–[22]. Studies conducted by Wootton [23] on butterflies 

concluded that flexible wing surfaces adapt their shape in response to external fluid 

forces, thus changing aerodynamic force production during flight. Combes & Daniel 

[24]–[26] have performed a series of experiments to understand the variation of wing 

flexural stiffness across all insects and the influence of wing venation and force 

contributions to deformation. They found that flexural stiffness varies significantly 

amongst insects, spanning about four orders of magnitude. Likewise, venation patterns 

across insects are diverse. In the case of flapping insect wings they concluded that wing 

flexibility was governed primarily by the inertia of wing rather than the aerodynamic 

forces from the aeroelastic interaction, thus they believed that wings could be treated as 

purely inertial, flexible structures.  

These studies show the intricacy in trying to model bio-inspired wings, and the 

many characteristics of biological flight. Rather than mimicking the characteristics of a 

specific flyer, this study will focus on understanding certain characteristics and effects of 

wing deformation. This study is part of a multidisciplinary effort aimed at developing a 

better understanding of the effects of flexibility on the flow behavior, and on the force 

production. This study concentrates on experimental investigations of the flow, 

deformation and forces produced by wings. The wings have isotropic bending 

characteristics and are studied under forward flight conditions. A plunging motion is 
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used, in order to simplify the deformation characteristics of the wing. This will allow for a 

better understanding of how the spanwise and chordwise bending of the wing affects 

the flow and how the fluidic structures formed relate to the generation of aerodynamic 

forces. 

The following sections of Chapter 1 contain a review of the research related to the 

study of wing flexibility. It is then followed by Chapter 2 describing the experimental 

setup and Chapter 3 with analytical methods used to investigate the data. Chapter 4 

presents the two sets of experiments conducted; one on spanwise flexible wings fully 

supported at the root, and the second on wings partially supported. While Chapter 5 

presents a summary of the research, the conclusions, and future work. 

Background 

As outlined in the previous section, in recent years there has been an interest in 

studying and understanding natural flyers to incorporate some of their characteristics 

into engineered flying vehicles. In order to achieve this goal, a better understanding of 

the unsteady fluid phenomena generated by the wing kinematics of insects and birds to 

achieve the aerodynamic forces necessary for flight is desired. The mechanisms that 

govern the generation of aerodynamic forces are associated with the formation and 

shedding of vortices into the flow. Therefore, an understanding of the fluid-structure 

interactions between the vortex dynamics and the structural properties of the wing is of 

great importance. 

Scaling Parameters 

Non-dimensional scaling parameters that relate wing material characteristics and 

the kinematics to the free stream conditions allow for a better understanding of the 

effects of wing stiffness. By using scaling the number of parameters that describe the 
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system can be reduced, and an assessment of which combination of parameters are 

important for certain condition can be analyzed[13]. There have been several studies 

that have performed a non-dimensional analysis to identify the characteristic properties 

of flapping systems. Depending on the models used the parameters vary. The 

parameters involved are divided into two types: parameters related to the fluid dynamics 

and the wing kinematics, and the parameters related to the fluid-structure interaction. 

The following sections will present a review of the relevant parameters used in the study 

of wing flexibility, and the findings of the parametric investigations performed with these 

parameters. 

Reynolds number 

Reynolds number (Re) represents the ratio of inertial forces to viscous forces. In 

forward flapping flight the Re is selected depending on the flight conditions and the wing 

kinematics. The reference velocity is either the mean wing tip velocity (𝑈𝑡𝑖𝑝) or the 

forward flight velocity (𝑈∞). The Re for hovering flight and forward flight based on wing 

tip velocity is shown in Equation 1-1. 

𝑅𝑒 =
𝜌𝑓𝐴𝑅Φ𝑓𝑐2

𝜇
 (1-1) 

Where 𝜌𝑓 is the fluid density, 𝐴𝑅 is the aspect ratio, Φ is the full stroke amplitude, 𝑓 

is the flapping frequency, c is the chord, and 𝜇 is the kinematic viscosity of the fluid. If 

the reference velocity is the forward flight velocity the Re is written as in Equation 1-2. 

𝑅𝑒 =
𝜌𝑓𝑐𝑈∞
𝜇

 (1-2) 

In this form the Re is based only on the chord and the flight velocity, and not the 

flapping characteristics. 
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Flapping flight is characterized by low flight speeds which result in a low chord 

based Reynolds number. In this regime, the aerodynamic characteristics and the 

dynamics of the vortex structures have been shown to be affected by variations in the 

Reynolds Number. Studies by Shyy, et al. [13], [27] and Tang et al. [28] showed that for 

natural flyer configurations, the Re was the dominant parameter dictating the transient 

development of vortex structures. In order to study the effect of the Re on the leading 

edge vortex (LEV) and the spanwise flow, Shyy et al. [13] performed a numerical 

investigation using realistic models of a hawkmoth, honeybee, fruit fly, and thrips. It was 

found that that there is a dependency on Reynolds number for the LEV structures, the 

spanwise flow inside the LEV, and the spanwise variation on the pressure gradient. For 

a Re O(102) the LEV remained attached during the entire half stroke and it connected to 

the tip vortex. Also, some spanwise flow is observed around the upper region of the 

trailing edge. While for a Reynolds number in the O(103) and O(104) the LEV had a 

spiral structure, and broke down in the middle of the downstroke. For this case a much 

stronger spanwise flow inside the LEV and at the trailing edge is seen. Tang et al. [28] 

did a numerical investigation on a 2-D elliptic airfoil for Re ranging from 75 to 1700. 

They showed the ability of the Reynolds number to alter the flow symmetry between 

downstroke and upstroke. For a Re O(102) the viscosity dissipated the vortex structures 

and led to symmetric flow, while for Re O(103) the history effect is important, leading to 

asymmetric flow between strokes. 

Strouhal number 

The Strouhal number describes the relative influence of the free stream velocity to 

the flapping frequency and amplitude. The St is defined in Equation 1-3 for a plunging 

wing.  
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𝑆𝑡 =
2𝑓ℎ
𝑈∞

  (1-3) 

Where f is the flapping frequency and h is the plunge amplitude of oscillation.  

Studies based on the St have found that it characterizes the vortex dynamics of 

the wake[29]. It is linked to the aerodynamic force coefficients and the propulsive 

efficiency as it defines the maximum aerodynamic angle of attack and the timescales 

associated with the growth and shedding of the vortices, which produce the necessary 

forces for flight and swimming[30], [31]. A study by Taylor et al. [32] showed that both 

fish and natural flyers have a typical St range from 0.2 to 0.4. A series of studies with 

isolated pitching or plunging have shown that high peak propulsive efficiencies are 

reached within this interval[33]–[37]. Similar results have also been obtained for studies 

with wing flexibility, where an increase in propulsive efficiency was found for St > 0.2 

[38]. They found that the reason for decreases in efficiency for Strouhal numbers not 

within this interval may be the result of increased flow separation at higher St and a 

transition to drag at lower St [38], [39]. 

Reduced frequency  

Reduced frequency is a measure of the unsteadiness associated with a flapping 

wing, as it compares spatial wavelength of the flow disturbance with the chord 

length[29]. The reduced frequency based on the forward flight speed is written in 

Equation 1-4. 

𝑘 =
𝜋𝑓𝑐
𝑈∞

 (1-4) 

And it can be rewritten to be a function of the Strouhal number as in Equation 1-5. 

𝑘 = 𝜋
𝑆𝑡

2ℎ𝑜
 (1-5) 
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When studying pitching, plunging, and flapping systems both the St and k are 

often needed because of the importance of the unsteadiness, and the dynamics of the 

wake[35]. Studies by Ohmi et al. [40], [41] on plunging and pitching airfoils showed that 

at large incidence angles patterns in the vortex wake depend on whether the 

translational or rotational motion dominate the flow, which was primarily determined by 

the reduced frequency. 

Fluid-Structure Interaction Scaling Parameters 

Recently, in the field of flexible flapping wing aerodynamics there have been 

numerous efforts in developing scaling arguments that characterize the complex 

interplay between flexibility and the resulting aerodynamics[14][12]. The scaling 

parameters derived depend on the types of models used, and the governing equations. 

Relevant FSI scaling parameters for the study of flapping and plunging flexible wings 

have been provided by Shyy et al. [12], and were obtained through performing a 

dimensional analysis using the fluid density, flow velocity and the chord as the basis 

variables[42], [43]. These were also derived by evaluating the kinematics and governing 

equations for the structure and fluid[13], [44]. Later studies found that the added mass 

force was important in the natural flight regime. Added mass force is due to the 

displacement of the fluid caused by the moving wing. As the wing moves down, the fluid 

below it has to adjust and move around the wing, in this sense “adding mass” towards 

the TE. A base for the study of the added mass effects were provided from scaling 

relationships for aerodynamic forces and wing deflection as a function of the density 

ratio, natural to flapping frequency ratio, reduced frequency, and flapping amplitude[42], 

[45]. These studies led to the recent interest in comprehending the connection between 

excitation frequency and the structural properties (mass, density, bending and twisting 
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modes) of natural flyers. Particular interest is placed upon the ratio of flapping to natural 

frequency and its relationship to the maximum propulsive force and maximum 

efficiency. The following segments present a brief introduction of the FSI parameters 

derived and the results of their studies. 

Effective stiffness 

The effective stiffness (Π1) describes the ratio between the elastic bending forces 

and aerodynamic forces. This parameter is expressed in Equation 1-6. 

𝛱1 =
𝐷

𝜌∞𝑈∞2 𝑐3
 (1-6) 

Where ρ∞ is the air density U∞ is the free stream velocity, and c is the root chord. 

The flat plate bending stiffness (D) is defined in Equation 1-7. 

𝐷 =  
𝐸𝑡3

12(1 − 𝛾2) 
 (1-7) 

where E is the modulus of elasticity, t is the thickness, and γ is Poisson’s Ratio. 

Experimental studies by Rausch et al. [43], [46] on rigid and flexible flat plates 

have characterized flexibility by varying the Π1 parameter, while maintaining all other 

kinematic parameters constant. They found that a wing with an effective stiffness value 

greater than 1000 had no flexibility, and one with a value of 30 had significant flexibility, 

with the tip lagging the root by as much as 70 degrees in the cycle. They also found that 

a wing with too much flexibility is detrimental to force production. The drawback of using 

this parameter was that it did not account for the effects of fluid density ratios, thus 

further investigation needed to be performed. 

Cauchy number 

Ishihara et al. [44], [47] investigated the Navier-Stokes equation and the linear 

isotropic elasticity equations and they introduced the Cauchy number. This number 
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describes the ratio between the fluid-dynamic pressure and elastic reaction force and is 

expressed in Equation 1-8. 

𝐶ℎ =
𝜌𝑓𝑉𝑤,max𝑐4𝑓

𝐺𝐼
 (1-8) 

Where 𝑉𝑤,max is defined as the maximum wing speed of the flapping motion of the 

leading edge center, and 𝐺𝐼 is the torsional stiffness.  

Elastoinertial number 

 Thiria et al. [45] and Ramananarivo et al. [48] measured the thrust and propulsive 

efficiency of a self propelled flapping flyer with flexible wings in air. They introduced the 

elastoinertial number which describes the ratio of the inertial forces and the elastic 

restoring forces. Their results show that since the density ratio was high the elastic 

deformation of the wing was mostly balanced by the inertia. The elastoinertial number is 

defined in Equation 1-9. 

ℵ𝑒𝑖 =
𝜇𝐴𝜔2𝐿3

𝐵
 (1-9) 

Where A is the amplitude of motion, L is the plate length, 𝜔 is the frequency, and 

B is the bending rigidity.  

Frequency ratio 

One of the similarities in the recent scaling parameters proposed is that they are a 

function of the ratio of flapping frequency to natural frequency of the material. There 

have been several studies that have been carried out to find the optimum ratios for 

aerodynamic performance in natural flyers, with focus on maximum propulsive force and 

maximum efficiency. 
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Recent investigations showed that maximum propulsive force was achieved when 

the wings were excited at a frequency slightly lower than the natural frequency of the 

system[45], [48]–[53]. Masoud et al. [50] utilized the lattice Boltzmann method and 

showed that the maximum propulsive force occurred at a frequency ratio of 0.95. It was 

shown that the maximum force increased when inertial effects of the wing became more 

important than the fluid inertia. Similarly,  Spagnolie et al.  [52] showed that the forward 

velocity peaked when the flapping frequency was near resonance for a numerical an 

experimental study on a passively pitching wings. 

The optimum ratio for the propulsive efficiency was found to be only a fraction [45], 

[48], [50], [54] implying operating away from resonant conditions is beneficial. Vanella et 

al [54] performed a numerical investigation on the propulsive efficiency of flapping wings 

in a hovering environment. It was found that the optimum ratio for efficiency was 

significantly lower than that for the propulsive force, only at 0.33. The forces were 

increased due to the enhancement of the wake capture mechanism. Wake capture 

occurs when vortices of different direction align to create jet-like behavior. This 

enhancement was consequence of stronger streamwise flow during the upstroke 

induced from a strong vortex at the trailing edge. 

Aeroelastic studies (Benefits of flexibility) 

The last section introduced the parameters used in the study of wing flexibility, and 

their relation to force production. Although the advances have been significant, these 

studies have not concentrated on the flow features and how the stiffness affects the flow 

hence an understanding of the underlying unsteady mechanisms used to generate the 

forces has not been gained. This section will focus on presenting an overview of the 

studies done in order to understand the benefits of wing flexibility. The main purpose is 
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to understand the influence of wing compliance on the flow, specifically, on the 

generation and evolution of organized vertical flow structures and how they relate to the 

generation of aerodynamic forces. 

Chordwise flexible studies 

Heathcote et al. [55] studied the effect of chordwise flexibility on performance for 

an airfoil in a pure plunging motion at hovering conditions. Their results showed that the 

strength of the vortices, their spacing, and the time-averaged velocity of the induced jet 

depend on the airfoil stiffness, plunge frequency and the amplitude. Force 

measurements showed that at high frequencies an airfoil with intermediate stiffness had 

the greatest thrust coefficient. Another benefit that was noted in that study was the 

increased efficiency for the flexible airfoils, compared to the rigid ones. 

Similar results were found in a study by Michelin and Smith [49], where the thrust 

increased with flexibility, but they also found that below a certain threshold the wing is 

too flexible and leads to a net drag, as it cannot communicate momentum to the flow. 

Another study by Heathcote and Gursul [56] investigated chordwise-flexible airfoils 

plunging at constant amplitudes in a water channel. This study also showed a peak in 

thrust for intermediate stiffness. For this case the vortices were stronger, and farther 

apart in the cross stream direction. The time-averaged flow also showed a stronger 

induced jet. This study also observed efficiency benefits, with the flexible models 

showing a 15% improvement over the rigid models. The flow displayed weaker LEV for 

these cases. 

Zhao et al. [57] investigated the effects of chordwise flexibility using scaled models 

of a fruit fly. The wings were tested at 23 different angles of attack ranging from -9 to 90 

degrees. Results showed that the overall lift generation of flapping wings deteriorated 
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as flexibility increased, however the flexible wings could generate more lift at higher 

angles. This was due to the bending of the wing surface causing an improvement in the 

lift to drag ratios. 

Spanwise flexible studies 

Rausch et al. [46] presented the effects of spanwise flexibility on the aerodynamics 

of plunging, isotropic wings. The study characterized flexibility by varying the effective 

stiffness over three orders of magnitude (101, 103 and 104). They showed that the 

introduction of flexibility caused greater three-dimensional flow towards the tip of the 

wing. It was also shown that the development of a larger leading edge vortex was the 

result of an increase in plunge induced angle of attack for the cases of greater flexibility. 

A continuation of this study [43] investigated the forces for these wings, with the addition 

of a moderately flexible wing (Π1 = 180). Results showed that the moderately flexible 

wing had the largest lift coefficient history, while the very flexible wing had the smallest. 

Thus indicating that too much spanwise flexibility is detrimental to force production. The 

flow for moderately flexible wing was dominated by the presence of a LEV on the 

suction and pressure side of the wing.  

Heathcote et al. [39] performed water tunnel studies on spanwise flexible 

rectangular wings in forward flight. A thrust benefit of approximately 50% was observed 

for an intermediate flexibility wing. The flow showed a reverse von Karman vortex street 

near the wing root, and the splitting of vortices for locations closer to the tip. Similarly, 

the highly compliant wing performed poorly and was characterized by large tip phase 

lags. This led to the formation of vorticity of one sense near the root, and opposite near 

the tip, thus having a weak vorticity pattern. 
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Combined spanwise and chordwise flexible studies 

Mountcastle and Daniel [58] investigated the effect of wing compliance of the 

hawkmoth Manduca Sexta. They found that the flexible wings yield mean advective 

flows with greater magnitudes and orientations more beneficial to lift when compared to 

stiff wings. 

Aono et al. [59] performed an experimental and numerical study on an aluminum 

wing prescribed with single-DOF flapping at 10 Hz. The flow is characterized by 

counter-rotation vortices at the LE and TE that interact with the tip vortex during the 

wing motion. The vortices generated in the previous stroke are captured by the wing 

and interact with the vortices being generated in the next stroke. Beneficial mean and 

instantaneous thrust was seen for the most flexible case, as the elastic twisting induced 

changes in the effective angle of attack. 

Kim et al. [60] developed a biomimetric flexible flapping wing to investigate the 

camber, chordwise flexibility and unsteady effects. Results showed that the camber due 

to the flexibility could have beneficial effects such as stall delay, drag reduction and LEV 

stabilization on flapping wing aerodynamics. 

These and other studies show consistent findings for the effects of flexibility[61]–

[63]. The spanwise flexibility increases aerodynamic forces by inducing higher effective 

angles of attack, while the chordwise flexibility redistributes lift and thrust by changing 

the projection angle with respect to the free stream[13]. 

Current Study 

The present study is aimed at understanding the effect of flexibility on the 

aerodynamic performance and flow around plunging flexible isotropic wings. The value 

of wing stiffness is varied using a predetermined scaling parameter, defined as the ratio 
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of elastic to aerodynamic forces (Π1). The first part of the study consists of matching 

conditions from previous water tunnel studies to investigate the requirement of dynamic 

similarity using the wing stiffness parameter. This phase investigates the unsteady flow 

phenomena generated from plunging wings with varying flexibility. The structures are 

then analyzed to understand the mechanisms for force production. The second set of 

experiments consists of studying wings that are not supported along the whole root thus 

allowing greater twist. The ratio of plunging frequency to the wing’s damped natural 

frequency is varied between the value for maximum propulsive efficiency and for 

maximum propulsive force. This data set will allow for comparison with the previous 

studies, in an attempt to understand the effect of the twist on the flow, and performance. 

It will also serve to understand the flow phenomena for the cases of maximum efficiency 

and maximum force. This will provide a framework for the study of wing flexibility using 

force, flow and structural measurements.



 

26 

CHAPTER 2 
FACILITIES AND EXPERIMENTAL SETUP 

Chapter 2 provides a description of the experimental parameters, the facility, the 

hardware, and the corresponding setups for the experiments on the spanwise flexible 

(SF) and spanwise flexible with passive pitch wings (SFPP). The equipment includes a 

particle image velocimetry system, a flapping device, wings, a load cell, and a laser 

Doppler Vibrometer.  

Aerodynamic Characterization Facility 

The experiments conducted for this thesis have been conducted in the 

Aerodynamic Characterization Facility (ACF) at the University of Florida. This wind 

tunnel is an open jet open return facility specifically designed for low Reynolds number 

experiments. The tunnel entrance is comprised of a flow conditioning system along with 

an 8:1 area contraction ratio. The test section inlet has a 1.07 m x 1.07 m opening. The 

open test section has an axial length of 3.05 meters. The wind tunnel has the capability 

of achieving free stream velocities between approximately 0.5 and 22 m/s. The flow has 

a uniform core of at least 60% of the cross sectional area at the midpoint in the test 

section. The vertical and horizontal centerline mean freestream velocities vary within 

0.03 m/s for a mean freestream velocity of 2 m/s. Additionally, experiments showed that 

turbulence intensities were less than 0.07% for a free stream velocity around 2 m/s 

which is the free stream velocity being used in these experiments. Further details of the 

flow quality and a more extensive description of the ACF can be found in Albertani et al. 

[64]. 
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Plunging Device 

A mechanism was designed and built to perform a plunging motion for the 

experiments presented in this thesis. Figure 2-1 is a photograph of the plunging 

mechanism. The device is driven by a Maxon EC 16 15 W Brushless DC motor with hall 

sensors. It contains a planetary gear head with a 57/13 reduction ratio that provides the 

additional torque needed to drive the wings. The maximum input speed with the addition 

of the gear head is 8000 rpm. The motors’ MR M type encoder provides a pulse signal 

with 4096 pulses per revolution, which allows the EPOS2 24/5 Positioning Controller to 

determine the position of the motor with a precision of 1/1024th revolution or 0.35°. The 

controller obtains position and velocity feedback from the encoder and regulates the 

motor. The output speed range for the motor shaft is 0-30 Hz, and is controlled to within 

1% of the desired speed. The plunging mechanism works by transforming the rotation 

output from the motor into a reciprocating motion which slides a linear bearing. The root 

of the wing is attached to a structure that moves with the bearing, thus having a 

sinusoidal plunging motion at the desired amplitude.  

Motion Analysis 

The plunging mechanism is designed to have a repeatable sinusoidal motion, 

defined by Equation 2-1. 

ℎ(𝑡) = ℎ𝑎cos (2𝜋𝑓𝑡) (2-1) 
 

Where ℎ𝑎 is the plunging amplitude of the motion and f is the plunging frequency. 

The accuracy of the motion was verified using a high speed camera to track the wing’s 

root. In these verification experiments images were acquired at a rate of 500 Hz and an 

in house Matlab script was written to interpret the root locations within the images. 
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Figure 2-2 presents a comparison of the commanded motion (tracking sinusoid) with the 

measured location of the wing root (bearing position).The motion deviates slightly at the 

extremes where the wing root comes to a complete stop. At these positions in the 

kinematic motion the loads are significantly greater. After performing a spectral analysis 

on the acquired locations, it was determined that the desired motion is achieved to 

within 0.1 Hz. 

PIV Synchronization 

The relative wing position for each PIV snapshot is determined by sampling the 

encoder position at each instant the PIV cameras are triggered. A NI-DAQ 6220 DAQ 

card is used to sample the motor encoder signal on two channels and the PIV trigger 

signal on the third. A C based computer software is utilized to process the encoder 

output and track the motion. The program samples when it receives the first PIV trigger 

signal, which is then used to synchronize with the motor position.  

Wing Models 

The wings used in these experiments had a Zimmerman planform which is defined 

as two ellipses meeting at the quarter chord point. Specific dimensions are shown in 

Figure 2-3(a) resulting in an aspect ratio of 7.65, defined by Equation 2-2. 

𝐴𝑅 =
4𝑏2

𝑆
 (2-2) 

Where S is the surface area of the wing, and b is its semispan. The wings are 

manufactured from 2 homogeneous isotropic materials with two different thickness 

values. The materials chosen were low density polyethylene (LDPE) and high density 

polyethylene (HDPE). This provides various Π1values that span three orders of 

magnitude ranging from 101 to 103. This is shown on Table 2-4 in the next section. Two 
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different wing configurations are used and are shown in Figure 2-3.  For the first wing 

configuration presented in Figure 2-3(a), the wing is attached to the plunging device 

such that it is fully supported along the entire root, thereby constraining twist.  The 

second wing configuration is presented in Figure 2-3(b). This configuration varies from 

the first by only being attached along the first third of the wing root such that twist is 

unconstrained. 

Experimental Parameters 

This section presents details of the flow, wing and motions used for the studies 

discussed in this thesis. As alluded to above, two sets of experiments were conducted, 

one for spanwise flexible wings fully supported at the root, and the second one on 

spanwise flexible wings attach at a portion of the LE. By fixing the kinematics and the 

chord based Reynolds number, the effect of the flexibility on the fluid dynamics of the 

plunging wings can be investigated. The flexibility is varied by changing the effective 

stiffness parameter (Π1) over three orders of magnitude. The conditions in the SF 

experiments are matched to those in previous studies in a water channel to investigate 

the requirement of dynamic similarity using the effective stiffness parameter[46]. 

Comparison of these studies provides insight into the effects of density ratio between 

the wing and fluid surrounding it. The SFPP studies are based on the frequency ratio 

(f/fn). The parameters based on the plunging frequency (k and St) are not matched, but 

all others are kept constant for both SF and SFPP studies. 

The scaling parameters, material properties and flow properties are provided in a 

series of tables. Table 2-1 summarizes the relevant scaling parameters associated with 

the flow and wing motion; Table 2-2 summarizes the kinematics and geometric 
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properties; Table 2-3 summarizes the material properties, and Table 2-4 shows the 

fluid-structure scaling parameter values. 

Stereo Particle Image Velocimetry 

A LaVision Particle Image Velocimetry (PIV) system controlled by LaVision’s 

imaging software Davis 7.2 was used to measure the flow field around the plunging 

wings. Stereoscopic PIV was used to acquire three component velocity data. The 

system consists of a Litron Nano L 135-15 laser which is used to create a pair of 532nm 

pulses into light sheets in the vertical spanwise direction. Two Imager ProX-4M cameras 

were used to capture the light scattered from particles at oblique viewing angles. The 

cameras have a 14 bit dynamic range CCD array of 2048 x 2048 pixel resolution. The 

flow was seeded by a LaVision DS Aerosol Generator which used olive oil as the 

seeding material and generated particles on the order of 1 μm. Two setups are used to 

measure the flow around flexible wings. The following sections will outline each setup. 

SF PIV Measurement Setup 

The setup for the SF wings captured the flow on both the top and bottom of the 

wing, thus allowing for the assessment of symmetry between the downstroke and 

upstroke. A drawback was that the laser light bloom on the wing and the spanwise wing 

deflection limited the field of view, thus the near wall effects were not obtained. The 

cameras were coupled with Sigma EX 105 mm lenses with an f-number of 5.6. An 

average resolution of 19 pixels per mm was achieved. A picture of the setup is shown in 

Figure 2-5. 

Two wings are tested in this study: An LDPE and an HDPE wing with the 

configuration shown in Figure 2-3 (a). For each wing, measurements were acquired at 6 

spanwise locations ranging from 60 mm to 108 mm (50% to 90% span) where 0% and 



 

31 

100% are the wing root and tip respectively. A schematic of the spanwise locations is 

shown in Figure 2-4. This shows the spanwise planes in green, and the coordinate 

system used throughout the study. Positive x direction indicates the flow direction. At 

each spanwise location, 5000 velocity fields were acquired and divided into 50 phases 

over the full plunging cycle. This resulted in approximately 120-145 velocity fields which 

are used to create the mean flow fields at each phase in the plunging motion. 

The raw PIV images were processed using Davis 7.2 PIV software. The software 

uses a multi-pass, cross-correlation algorithm[65]. The first pass consisted of an 

interrogation window of 64 pixels x 64 pixels with a 50% overlap. The two subsequent 

passes utilized a window size of 32x32 pixels with a 50% overlap. The estimated 

displacement from the each previous pass was used to displace the raw image such 

that the same particle group would be correlated for smaller interrogation window sizes.  

SFPP PIV Measurement Setup 

The setup for the SFPP wings was changed in order to be able to study the near 

wall effects. The cameras are placed on the opposite side of the plunging mechanism, 

thus as the wings deform the field of view is not blocked. A picture of the setup is shown 

in Figure 2-6. The cameras were used with Nikon 60mm lenses with an f number of 5.6. 

An average resolution of 18.1 pixels per mm was achieved.  

Three wings with passive pitch were studied. The wing model is shown in Figure 

2-3 (b).For each wing, measurements were acquired at 4 spanwise locations ranging 

from 60 mm to 108 mm (50% to 90% span) where 0% and 100% are the wing root and 

tip respectively. At each spanwise location, 2500 velocity fields were acquired and 

divided into 48 phases over the full plunging cycle. This resulted in approximately 60-80 
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velocity fields which are used to create the mean flow fields at each phase in the 

plunging motion. 

Davis 7.2 software is used for processing the raw images. The multi-pass, cross 

correlation algorithm differed from the SF processing in that a smaller sized window is 

used. The first pass consisted of an interrogation window of 64 pixels x 64 pixels with a 

50% overlap. The two subsequent passes utilized a window size of 16x16 pixels with a 

50% overlap 

Force Transducer 

An ATI Nano 17 force transducer is used to measure the forces acting on the 

wing. It measures force and torque in three spatial dimensions. The sensing range and 

resolution are given in Table 2-5 and 2-6, respectively. 

An NI-DAQ 6220 card is used to sample the force measurements. The analog 

signals are sampled through 6 channels of the card at a rate of 35 kHz, and a 16 bit 

resolution. The digital signal is then multiplied with the 6 x 6 calibration matrix to obtain 

the force and torque measurements in physical units. 

Force measurements are taken at plunging frequencies ranging from 2 Hz to 12 

Hz for each of the wings selected. Data is gathered over 1000 plunging cycles, with a 

total of 10 sets per frequency. The sets are then averaged to obtain the time averaged 

force. In addition, tare measurements are taken to eliminate the added inertial forces 

from the plunging apparatus, and wing mass. 

Laser Doppler Vibrometer 

A modal analysis was performed on the wings to determine their damped natural 

frequency. The structural response of the wings was measured using a noninvasive 

Polytec PSV-400 laser Doppler Vibrometry (LDV). The LDV system consists of a PSV-I-
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400 laser head with a He-Ne laser that emits a linearly polarized 633 nm beam, a OFV-

5000 controller, and a PSV-E-401 Junction box for synchronizing all the hardware.  A 

Ling Dynamic Systems V201/3-PA electrodynamic shaker with an attached load cell 

was used for the excitation. Each wing was rigidly attached to the shaker, as can be 

seen in Figure 2-7. For all experiments, the shaker setup is placed on a vibration 

isolated optical table exposed to ambient air. Therefore, the results include aerodynamic 

damping and would differ slightly from the true natural frequencies which would need to 

be determined in a vacuum. 

Polytec software was used to obtain the LDV output and the load cell data to 

calculate the frequency response structure of the wings studied. To perform these 

measurements, the laser is first focused and centered on the middle of the grid spacing, 

such that the location error is minimized at 6 points on the wing surface. Using these six 

points the calibration is automatically performed by the Polytec software. A grid of 

approximately 60 points was created for each wing. The laser was refocused at each 

point to obtain the best signal to noise ratio. The shaker provided a burst chirp excitation 

to the wing and the response of the wing was captured by the LDV laser head. The data 

was acquired over the course of 5 burst chirps at each point on the grid, and then 

averaged to obtain the frequency spectrum at each point. Another form of excitation 

utilized was sine sweep excitation. Excitation frequencies were varied from 0-1000 Hz 

with sweeps over 6 seconds of length. Ample time between measurements was allowed 

such that the structure returned to steady state. 
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Table 2-1.  Dimensionless kinematic scaling parameters 
Re  k  St  ho 

5300 1.82 0.203 0.175 
 
Table 2-2.  Kinematic and geometric properties 

Root Chord Span Velocity Frequency 
(SF study) 

f/fn 
(SFPP 
study) 

Plunging 
Amplitude 

c (mm.) b (mm.) U∞ (m/s) f (Hz)  h (mm.) 

      
40 120 2.1 30 0.4, 0.9 7.00 

 
Table 2-3.  Material properties 

LDPE  HDPE  
E (GPa) Poisson’s Ratio E (GPa) Poisson’s Ratio 

0.39 0.32 1.50 0.35 
 
Table 2-4.  Dimensionless fluid-structure scaling parameters. 

∏1,1/32 
LDPE 

∏1,1/16 
LDPE 

∏1,1/32 
HDPE 

∏1,1/16 
HDPE 

55 444 213 1,702 
 

Table 2-5.  ATI Nano 17 sensing range 
Axis US (English) SI (Metric) 

Fx, Fy ± 3 lbf ± 13.3 N 
Fz ± 4.25 lbf ± 18.9 N 

Tx, Ty, Tz ± 1 lbf in ± 113 Nmm 
 
Table 2-6.  ATI Nano resolution for a 16-bit DAQ 

Axis US (English) SI (Metric) 
Fx, Fy, Fz 1/1280 lbf 1/288 N 
Tx, Ty, Tz 1/8000 lbf in 1/71 Nmm 

 

 



 

35 

 

Figure 2-1.  Plunging device with wing attached. 

 

 

Figure 2-2.  Sinusoidal motion analysis. 

 

 

 
                     (a)                                                            (b) 

 
Figure 2-3.  Zimmerman planform wings. (a) model used for SF study, (b) model with 

unconstrained twist for SFPP study. 
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Figure 2-4.  PIV planes and coordinate system. 

 

Figure 2-5.  SF experiment setup. (1) Plunging device, (2) Cameras, (3) Laser Plane, 
(4) Test Section inlet. 
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Figure 2-6.  SFPP experiment setup. (1) Plunging Mechanism, (2) Cameras, (3) Laser 

Plane, (4) Test section Inlet. 

 

 

Figure 2-7.  Shaker and wing setup.
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CHAPTER 3 
DATA PROCESSING 

Chapter 3 contains and explanation of the methods used for analyzing the data. 

This includes discussion of the vortex identification method, a momentum balance 

method to estimate aerodynamic forces from PIV data, and an explanation of PIV 

processing. 

Q-Criterion 

The Q-criterion is a Galilean invariant technique developed to identify vortical 

structures present in the flow[66]. This criterion is used in this study to visualize the 

evolution of the vortical structures in the flow throughout the plunging cycle. Vortices are 

identified as regions where the value of Q is greater than zero. The areas where the 

value of Q is greater than zero represent areas with a larger rotation rate that strain 

rate. Q criterion is defined in Equation 3-1. 

𝑄 =
1
2
�𝛺𝑖𝑗𝛺𝑗𝑖 − 𝑆𝑖𝑗𝑆𝑖𝑗� (3-1) 

Where 𝑆𝑖𝑗 and Ω𝑖𝑗 are the symmetric and anti-symmetric component of  𝜕𝑢𝑖
𝜕𝑥𝑗

  , 

respectively. These are shown in Equation 3-2 and Equation 3-3. 

𝑆𝑖𝑗 = �
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
𝜕𝑥𝑖

� (3-2) 

 

Ω𝑖𝑗 = �
𝜕𝑢𝑖
𝜕𝑥𝑗

−
𝜕𝑢𝑗
𝜕𝑥𝑖

� (3-3) 

 
Force Estimation 

The flow field data gathered in this study is used to compute phase-averaged 

forces generated by the wings. The method used is a momentum balance approach 
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described by Sällström [67], [68]. The control volume used in this approach spans the 

extent of the planes where velocity data was acquired, as a consequence in between 

the spanwise PIV planes the data has to be significantly interpolated. It must also be 

taken into account that the velocity fields span 40% of the total wing span, thus the total 

force is underestimated. By assuming constant density (𝜌) and dynamic viscosity(𝜇), 

the momentum equation for a Newtonian Fluid is used to derive the balance method. 

The equation in Einstein tensor notation is shown in Equation 3-4. 

𝜌
𝜕𝑢𝑖
𝜕𝑡

+ 𝜌𝑢𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗

=  −
𝜕𝑝
𝜕𝑥𝑖

+ 𝜇
𝜕2𝑢𝑖
𝜕𝑥𝑗𝜕𝑥𝑗

+ 𝑓𝑖  (3-4) 

 

Where 𝑝 is the pressure, 𝑓 is the force per unit volume, 𝑢𝑖 is the velocity tensor, 

and 𝑥𝑖 is the Cartesian coordinate tensor. The flow is assumed to be periodic, and 

Reynolds decomposition is performed on the components. The bar accent denotes 

average whereas the tilde represents instantaneous fluctuations. Equations 3-5 to 3-

7define the velocity, pressure, and force respectively. 

𝑢𝑖 = 𝑢�𝑖 +  𝑢�𝑖 (3-5) 

𝑝𝑖 = �̅�𝑖 +  𝑝�𝑖  (3-6) 

𝑓𝑖 = 𝑓�̅� +  𝑓𝑖 (3-7) 
 

Substituting the decompositions into the momentum equation yields Equation 3-8. 

𝜌 �
𝜕𝑢�𝑖
𝜕𝑡

+
𝜕𝑢�𝑖
𝜕𝑡

+  �𝑢�𝑗 +  𝑢�𝑗�
𝜕(𝑢�𝑖 + 𝑢�𝑖)

𝜕𝑥𝑗
�

=  −
𝜕�̅�
𝜕𝑥𝑖

−
𝜕𝑝�
𝜕𝑥𝑖

+  𝜇
𝜕2𝑢�𝑖
𝜕𝑥𝑗𝜕𝑥𝑗

+ 𝜇
𝜕2𝑢�𝑖
𝜕𝑥𝑗𝜕𝑥𝑗

+  𝑓�̅� +  𝑓𝑖 
(3-8) 
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Equation 3-8 is averaged (Equation 3-9) and rearranged using the continuity 

equation, 𝜕𝑢𝑖
𝜕𝑥𝑖

, to obtain the expression used to solve for the relative pressure and force 

(Equation 3-10). 

𝜌 �
𝜕𝑢�𝑖
𝜕𝑡

+  𝑢�𝑗
𝜕𝑢�𝑖
𝜕𝑥𝑗

+  𝑢�𝚥
𝜕𝑢�𝚤
𝜕𝑥𝚥

 
���������

� =  −
𝜕�̅�
𝜕𝑥𝑖

+  𝜇
𝜕2𝑢�𝑖
𝜕𝑥𝑗𝜕𝑥𝑗

+  𝑓�̅�   (3-9) 

 

𝜌 �
𝜕𝑢�𝑖
𝜕𝑡

+
𝜕𝑢𝚤𝑢𝚥�����
𝜕𝑥𝑗

� =  −
𝜕�̅�
𝜕𝑥𝑖

+   𝜇
𝜕2𝑢�𝑖
𝜕𝑥𝑗𝜕𝑥𝑗

+  𝑓�̅�  (3-10) 

Pressure Estimation 

The pressure gradient is given by rearranging Equation 3-10, and making the 

assumption of no net body forces on the control volume. This makes all the terms a 

function of the flow velocity, and thus being able to compute it from PIV data. The 

gradient is shown in Equation 3-11. 

𝜕�̅�
𝜕𝑥𝑖

= − 𝜌 �
𝜕𝑢�𝑖
𝜕𝑡

+
𝜕𝑢𝚤𝑢𝚥�����
𝜕𝑥𝑗

� +   𝜇
𝜕2𝑢�𝑖
𝜕𝑥𝑗𝜕𝑥𝑗

 (3-11) 

The pressure gradient is then integrated over the x and y directions to obtain the 

relative pressure with respect to the atmospheric pressure across the domain for each 

phase-averaged velocity. 

Momentum Balance 

Equation 3-9 is integrated over a control volume to yield Equation 3-12. 

�𝜌�
𝜕𝑢�𝑖
𝜕𝑡

+
𝜕𝑢𝚤𝑢𝚥�����
𝜕𝑥𝑗

�  𝑑𝑉 = ��−
𝜕�̅�
𝜕𝑥𝑖

+   𝜇
𝜕2𝑢�𝑖
𝜕𝑥𝑗𝜕𝑥𝑗

+  𝑓�̅��
𝑉𝑽

 (3-12) 

 Equation 3-12 is rearranged, and the divergence theorem is applied to solve for 

the force. The first term of Equation 3-13 represents forces exerted on the flow by the 

wing. 
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�𝑓�̅�  𝑑𝑉 = �𝜌
𝜕𝑢�𝑖
𝜕𝑡𝑉

𝑑𝑉 + �𝜌𝑢𝚤𝑢𝚥�����𝑛𝑗
𝑆

 𝑑𝑆 + �
𝜕�̅�
𝜕𝑥𝑖𝑉

 𝑑𝑉
𝑉

 (3-13) 

The force along the y and x axis exerted on the flow is defined by integrating a 

rectangular volume with bounds  𝑥1 ≤ 𝑥 ≤ 𝑥2 ,𝑦1 ≤ 𝑦 ≤ 𝑦2 , and 𝑧1 ≤ 𝑧 ≤ 𝑧2.For 

Equations 3-14 and 3-15 only the relative pressure is required as any offset to the 

pressure will cancel.  

𝐹�𝑦 = � � � 𝜌
𝜕�̅�
𝜕𝑡

 𝑑𝑥 𝑑𝑦 𝑑𝑧 + �� � �𝜌𝑢𝑣���� −  𝜇
𝜕�̅�
𝜕𝑥
�  𝑑𝑦 𝑑𝑧

𝑧2

𝑧1

𝑦2

𝑦1
�
𝑥1

𝑥2 𝑧2

𝑧1

𝑦2

𝑦1

𝑥2

𝑥1

+ �� � ��̅� +  𝜌𝑣2��� −  𝜇
𝜕�̅�
𝜕𝑦
�  𝑑𝑥 𝑑𝑧

𝑧2

𝑧1

𝑥2

𝑥1
�
𝑦1

𝑦2 

+ �� � �𝜌𝑣𝑤���� −  𝜇
𝜕�̅�
𝜕𝑧
�  𝑑𝑥 𝑑𝑦

𝑦2

𝑦1

𝑥2

𝑥1
�
𝑧1

𝑧2 

  

(3-14) 

 

𝐹�𝑥 =  � � � 𝜌
𝜕𝑢�
𝜕𝑡

 𝑑𝑥 𝑑𝑦 𝑑𝑧 + �� � ��̅� +  𝜌𝑢2��� −  𝜇
𝜕𝑢�
𝜕𝑥
�  𝑑𝑦 𝑑𝑧
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𝑥2 𝑧2
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𝑦2
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𝑥1
�
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(3-15) 

The first term in Equations 3-14 and 3-15 can be rewritten by using the continuity 

equation. This allows for the term to be evaluated using only PIV flow data on the 

surface of the volume, as shown in Equation 3-16.  
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Stereo Particle Image Velocimetry 

Particle image velocimetry (PIV) is an optical and non intrusive method used to 

measure velocity in a field. The velocity distribution is obtained from a two-dimensional 

plane by seeding the fluid with small particles, and photographing an illuminated region 

using two laser pulses. The local velocity is computed from the displacement of the 

particles between the pulses and the time between the laser pulses. The images are 

divided into interrogation windows to be evaluated. The particle displacements between 

the two independently acquired images are evaluated using a cross-correlation 

algorithm. The correlation is done on each window resulting in one velocity vector per 

window. In order to reduce the noise and enhance a spatial resolution, a multi-pass 

algorithm with a decreasing window size is implemented. This is done by using a larger 

window on the first pass, and calculating a reference vector field. The next pass uses a 

smaller window size, and the window is shifted between the snapshots according to the 

reference vector field obtained in the previous iteration.  

In order to obtain three-component velocity data, a PIV setup with cameras looking 

at the same plane but from different angles is used. The out of plane velocity is obtained 

by mapping the two-component displacements from each camera into three-component 

velocities in the thin volume created by laser sheet and the camera views[68]. This 

technique is used as it corrects for errors caused in 2-component PIV by the out of 

plane velocity component in highly three dimensional flows[69]. 

Scheimpflug Condition 

Since the cameras are mounted at oblique angles, it is difficult to have the entire 

field of view in focus, due to a limited depth of field. Instead of increasing the f-number 

to increase the depth of field, which would increase error in the measurements, the 
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image plane can be tilted with respect to the orientation of the camera lens and the light 

sheet. The Scheimpflug condition states that object, lens, and image planes must 

intersect at a single point, as shown in the following Figure 3-1. 

Calibration 

In order to perform a stereo PIV calibration, a photograph of a two level calibration 

target and the pinhole model is used[68], [70].The calibration target, shown in Figure 3-

2, is used to reduce the error from traversing a 1-D target. The pinhole model is used to 

transform from the world coordinate system, to a physical coordinate on the camera’s 

image plane. For a detailed explanation of the pinhole model refer to the manuscript by 

Opower[70]  

 

 

Figure 3-1.  Schematic of the Scheimpflug condition. 
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Figure 3-2.  Lavision calibration target.
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CHAPTER 4 
RESULTS AND DISCUSSION 

Chapter 4 presents the experimental results on isotropic flexible wings under a 

plunging motion and involved wings fully and partially supported at the root. The first set 

of experiments was performed on wings fully supported at the root (SF), as shown in 

Figure 2-3(a). The wings have varying spanwise flexibility, characterized by varying the 

effective stiffness parameter(Π1). This initial study builds on past work performed in a 

water channel by using the same planform wing and matching the scaling parameters 

and condition[46]. This allows for the investigation of dynamic similarity using the 

effective stiffness parameter. The results can be directly compared with the rigid and 

flexible wings studied previously by Rausch et al. [46], thus providing insight into the 

effects of the density ratio, on the wing and the flow surrounding it. Additionally, a 

structural analysis was carried out to determine the wing’s modal properties. This modal 

analysis was done on both types of wings, shown on Figure 2-3, in order to design 

experiments based on the natural frequency of the models. The final section presents 

the experiments carried out on wings with spanwise and chordwise flexibility (SFPP). 

The wings are excited at frequencies ratios for maximum thrust and maximum efficiency 

as reported by the literature (Refer to Chapter 1). 

Modal Analysis 

The modal characteristics of the wing models were analyzed using the LDV 

system described in Chapter 2. The study is intended to provide an  understanding the 

structural characteristics of the various wings and their supporting mechanisms used 

throughout this study. By performing this analysis one is able to determine the damped 

natural frequency of the wing, as well as the expected modes of deformation that could 
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be encountered when exciting the wings at different plunging frequencies. This analysis 

is important in the study of wing flexibility as the natural frequency of the model will drive 

the nature of the wing deflection. This is also an important parameter to consider when 

designing experiments across different fluids, since the wing behavior will be different 

due to the wing loading and inertia of the fluid. Also, as outlined in Chapter 1, recent 

studies have concentrated on developing scaling parameters that take into account the 

resonant frequencies of the material, as birds and insects seem to favor a certain range 

of frequency ratios to achieve maximum efficiency.  

Table 4-1 presents the results of the modal analysis performed on 3 wing models. 

The models are tested under both configurations shown in Figure 2-3. The results for 

the first two modes are shown, and the last column states whether the wing’s second 

mode was characteristic of any twist deformation.  

The root attached wings did not show any twist. Their first two modes were the first 

and second bending mode. In contrast, the LE attached wings all showed twist as the 

second mode, and their damped natural frequency was reduced by approximately 30%-

40%. In all cases the second mode is approximately 4.5 to 5.5 times higher than the first 

mode. Since the SFPP experiment is carried out at frequency ratios less than 1, the 

excitation of the second mode (twist) might not be significant.  

Another trend that is seen for the models tested is that as the effective stiffness 

increases an order of magnitude, the damped natural frequency increases significantly. 

This is seen for both types of attachments. This could be further investigated in the 

future, and could be used to design wing models with a specific effective stiffness, or 

natural frequency using the same family of materials. 
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Figures 4-1 and 4-2 show contour plots of modes for the two different models with 

both attachment configurations. Figure 4-1 shows the first bending mode for the wings 

tested in the SF experiment. Both wings show an increased displacement from the root 

to the tip, characteristic of a pure bending mode. The LDPE case shows greater 

displacement as the HDPE wing as expected since it is less stiff under the same 

excitation. The second mode for the SF wings was a second bending mode, and did not 

show any significant twist. Figure 4-2 shows the second mode for the same wings but 

attached at the LE. These contours show evidence of the twist present in the second 

mode. The LDPE wing also shows significantly more deformation when compared to the 

HDPE wing. It must also be noted that the deformation is an order of magnitude less for 

the twist mode, when compared to the bending mode for the rigidly attached wings. The 

first mode of the LE attached wings was a pure bending mode, as seen for the SF 

wings.  

Fully Supported Root Studies 

The following sections present a study done on spanwise flexible wings that are 

fully supported at the root, thus constraining twist. The models studied are the HDPE 

model with a Π1 of 1702, and the LDPE model with a Π1 of 55. The HDPE and LDPE 

root-attached models will be referenced as the SF3 and SF1 for the remainder of the 

thesis, respectively, where the number represents the order of magnitude of the 

effective stiffness. The sections will include an analysis on the flow field, followed by an 

analysis on the deformations and a comparison to the water tunnel studies, and 

concludes with the presentation of the forces calculated using the momentum balance 

approach described previously. 
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Flow Field Analysis 

This section presents details of the phase averaged velocity fields throughout the 

plunging cycle obtained from the PIV analysis. Specifically the streamwise aligned 

planes studied are at the 50% and 75% spanwise stations. The results presented are 

shown as contour plots of velocity, vorticity and Q-criterion with streamlines 

superimposed on the field. In all of the cases the phase averages are obtained from 

splitting the measurements up and averaging over approximately 140 samples at each 

point as discussed previously. The white regions in the contour plots represent regions 

of the flow that were masked out. This was due to the laser bloom and the wing 

deformation blocking the field of view. Therefore, the near wall effects and the early 

formation of the leading edge vortices cannot be studied from this data set. A black line 

is plotted on each figure to clarify the wing position at each phase. This represents the 

wing’s chord location in that specific plane. The wing’s position and deformation is 

obtained by tracking the laser bloom on the PIV images to within 0.25-0.5 mm. The flow 

fields are shown for a specific phase in the fluid motion, where 0° phase indicates the 

beginning of the downstroke, while 180° is the beginning of the upstroke. 

SF3 model 

Figure 4-3 presents the SF3 wing at the beginning of the downstroke. At this 

phase in the plunging cycle the wing displays its largest upward spanwise deflection. 

Here the trailing edge vorticity starts to roll up beginning the formation of a counter-

clockwise vortex on top of the wing. The vortex development at the leading edge cannot 

be seen as the wings deflection blocks the field of view. However the LEV is not seen to 

form until before the midstroke, as seen in Figure 4-4. This delay in the generation of a 

leading edge vortex on top of wing can be explained by the flow behavior in the bottom 
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of the wing at the beginning of the downstroke. Referring to Figure 4-3, a counter 

clockwise vortex generated during the upstroke is still present. This LEV is strong and 

has only been advected to about the quarter chord location, thus pulling most of the 

streamwise momentum under the wing. This vortex is close to the trailing edge at a 

phase right before the midstroke (Figure 4-4.), thus allowing for the formation of the LEV 

on top of the wing. 

The wake at these spanwise locations is characterized by the presence of vortices 

shed during the previous stroke. From Figure 4-3, it can be seen that by the beginning 

of the downstroke, there are four vortices in the wake. Two of the vortices are generated 

at the trailing edge, and shed during the upstroke. These two TE vortices can be seen 

clearly in Figure 4-4, where second TE vortex has just been shed. The other two 

vortices are due to the splitting of the leading edge vortex after it leaves the TE. One of 

the split vortices lies above the wing plane, while the other remains parallel to it. The 

separation of the vortices, also called “forking”, has been observed in previous studies, 

and is reported to be due to the chain of inclined and interconnected vortex tubes over 

oscillating flapping wings[71]–[73]. The forking of the LEV and the wake behavior seen 

for this wing is characteristic of the flapping wings studied in these previous 

experiments. This shows evidence that due to the large deformation of the wing, the 

flow shows similar behavior to that seen for flapping motions. Thus a flexible plunging 

wing with large spanwise deformations, where the deformation is in phase throughout 

the motion, can behave like a flapping wing. Details on the deformation characteristics 

for the wing are further explained later in Chapter 4 (Refer to Figure 4-10).  
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Figures 4-5 and 4-6 show vorticity and Q criterion contours at the 75% span 

location for the SF3 wing. The beginning of the downstroke and phase 75° are shown to 

draw a comparison with the same phases at the midspan shown in Figures 4-3 and 4-4. 

The LEV on the underside of the wing that is generated during the upstroke can be 

seen in Figure 4-5. This LEV is much larger in size at this spanwise location, than at the 

midspan. The vortex center is located approximately at ¾ of the local chord length, and 

it is further separated from the wing. 

The wake shows the TE vortices that are shed during the upstroke, as also seen in 

the midspan location. From this analysis, one can infer that the LEV and TEV seen in 

this plane are slices of a vortex tube, where the vorticity increases for locations closer to 

the tip. A three dimensional rendering of the vortex tube is shown in Figure 4-7. This 

shows isosurfaces of Q, with the contour slices at the 50 and 75% spanwise locations. 

The black lines represent the local chord location. As shown in Figure 4-7, a coherent 

vortex tube is formed, and as the wing deflects upwards at the 75% span, the tube is 

also pulled in that direction. The spanwise deformation influences the flow by pulling the 

streamwise momentum in the direction of the deformation, thus pulling the fluidic 

structures. 

 At the 75% spanwise location there is no evidence of the splitting of the LEV, 

when compared to the midspan. This could be a consequence of the wing deflecting 

inwards towards the root. Figure 4-6 shows the flow field at the 75° phase. The LEV on 

the top surface is seen to form at this location, as also seen at the midspan. At the 

trailing edge the LEV formed at the beginning of the downstroke is seen to shed, and 

correspondingly pulls the flow downwards at the aft of the wing. The vortices at this 
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phase seem to align. As the LEV pulls the flow towards the trailing edge, the previously 

shed vortex, which is not on top of the wing as well, also pulls the flow downwards at 

the aft of the wing. Thus as the flow is pulled down, it creates a jet-like behavior 

between the vortices. Figure 4-8 shows the normalized velocity at this phase. This 

shows that the flow is highly accelerated at the aft of the wing, caused by the alignment 

of the vortices. The remainder of the wake also shows accelerated flow, which means 

that this is a good mechanism for thrust production. 

 
SF1 model 

Figures 4-9 and 4-10 show the vorticity and Q criterion for the SF1 wing at the 

downstroke and at the 75% spanwise location. The midspan is shown on the top row 

and the 75% location on the bottom row so that they could be easily compared. For the 

SF1 wing the vortices are found to be much weaker, than the ones for the SF3 wing. 

The flow shows multiple vortices shed throughout the plunging cycle. However, in 

contrast to the SF3 wing, there is no evidence of a coherent vortex structure existing 

throughout the strokes. This is a result of the wing displaying excessive spanwise 

flexibility, which lead to significant tip-root lag. Large lags are representative of the 

midspan moving upward while the wing tip deflects downwards. This behavior is seen 

throughout the motion. The vorticity fields reveal the creation of vortices of opposite 

signs for the spanwise locations shown. Figure 4-10 shows this behavior in the flow, 

where the flow at the midspan is pulled to the top of the wing, and at the 75% location 

the flow is pulled downwards. This creates a fragmented and weak vorticity pattern. This 

behavior for highly flexible wings has been observed previously[39], and led to lower 

thrust coefficients and significantly diminished efficiencies. 
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Since the wing is highly compliant there is no evidence of the formation of a LEV. 

This happens as the large phase lags create a fragmented vorticity pattern. This also 

causes the wing to have a smaller tip deformation when compared to the SF3 wing, as 

the root cannot drive the motion of the tip. More detailed explanation on the deformation 

of the wings is given in the following section. 

Wing Deformation/Comparison Studies 

The water tunnel studies of Rausch et al. [46] showed insignificant wing 

deformation for wings with effective stiffness values greater than 1400. The only model 

they examined that displayed spanwise bending was the wing with the lowest stiffness 

value of 30. In that study the deformations are explained in terms of the plunge 

amplitude of the motion (h), where a positive percentage value signifies a motion 

greater than the root’s motion (root motion + percentage), and a negative value, a 

reduction in the amplitude. The deformation was found to be 40% the amplitude of 

motion at the 75% location. At the midspan the deformation was only 5%. At the 75% 

span location, the deformation lagged the root by only 70°.  

In contrast when performed in air, both wings showed significant spanwise 

deformation. All the kinematic parameters shown in Chapter 2 are matched in these 

studies, thus a direct comparison can be made. The deformation for the SF3 wing was 

200% and 400% of the amplitude of motion at 50% and 75% spanwise locations. The 

results of the deformation for the SF study are presented in Figure 4-11. Due to the 

inertia of the wing, the deformation at the 75% location is much larger than that of the 

flexible wing in water, even though the effective stiffness is two orders of magnitude 

greater. The SF1 wing showed the most unique behavior of all the models. It showed 

large tip-root lag, with the tip going the opposite direction of the root for the majority of 
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the motion. The deformations at the midspan were approximately 50% the amplitude of 

the motion. This signifies that the motion is only half the amplitude of the input motion. 

The 75% spanwise location’s displacement was approximately 2% less than the 

prescribed plunging motion of the root. 

The frequency ratios for each experiment can give one a better understanding of 

the difference in the deformation for both cases. Table 4-2 shows the frequency ratios of 

the experiments performed in water and air. The ratios show that the measurements are 

carried out at significantly different ratios. Even though the parameters are matched, the 

wing loading for each experiment is different, as the frequency ratio seems to drive the 

nature of the wing deflection. The ratios for the present experiment are an order of 

magnitude greater than the other in water, with the SF1 wing being excited at almost 

three times its natural frequency. This shows that the structural properties of the wings 

must be carefully studied, and must be taken into account when studying flexibility and 

trying to derive new scaling laws. 

The PIV results from the water tunnel experiments show that the flow was 

dominated by the formation of a LEV during the downstroke for all the cases studied. 

Also, the LEV was shown to separate and advect toward the trailing edge for all the 

cases. In water, the HDPE model (Π1=1960) showed the formation of the LEV at the 

beginning of the downstroke at the 50% and 75% span locations. This vortex proceeded 

to advect, ultimately shedding from the trailing edge of the wing at the beginning of the 

next cycle (30°) at the 50% location. The LEV leaves the trailing edge at an earlier 

phase of 270° for the 75% span location. The LEV for the model with a low effective 

stiffness began to form at a later phase than the rigid model. It was shown that the 
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vortex at the 75% location is significantly larger than at the midspan. The vortex formed 

at phase of approximately 60° for both spanwise locations. This coincides with the 

location of maximum spanwise deformation. The LEV was shown to shed from the 

trailing edge at a phase of 30° in the next cycle of the motion for the 50% span plane. At 

the 75% plane, the LEV advects downstream from the TE at the beginning of the 

downstroke (0°). In air, the bending of the SF3 wing blocked the camera during PIV, 

thus the formation of the LEV is not resolvable. The LEV at the 75% spanwise location 

is significantly larger than at the midspan, which is similar behavior to the LDPE wing in 

water. Figure 4-12 shows the vorticity at the phases where the LEV is seen to leave the 

trailing edge of the wing for the 50% and 75% locations. The LEV passes the trailing 

edge at a phase of 255° at the midspan, and 45° earlier at 75%. The SF3 and SF1 show 

the LEV rising away from the trailing edge at earlier phases, than the similar models in 

water. At the 50% location, this occurs approximately 135° earlier. At the 75% location it 

occurs 150° earlier than the LDPE wing and 60° earlier than the HDPE wing (same 

material as SF3). The SF1 wing in air did not show an LEV being formed. 

Force Calculations 

The force calculations are performed utilizing the control volume approach 

described in Chapter 2. The control volume spans from the 50% to the 90% spanwise 

locations and encompasses the entire field of view presented in the previous section. 

Since it only represents 40% of the total wing span, the forces are underestimated, and 

only represent the local forces at these locations. 

 The force results are presented in Figure 4-13 as a function of phase throughout 

the plunging cycle. The SF3 and SF1 wings are represented by the blue and red lines in 

Figure 4-13 respectively. The maximum force in the vertical direction (Fy) for the SF3 
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wing is seen to occur at the end of the downstroke, with a steep decrease after this 

phase. At the end of the downstroke, the leading edge vortex on top of the wing is still 

strong and has only been advected 40% of the chord, thus there is a large region of low 

pressure on the top of the wing. The lowest values of Fy occur halfway through the 

upstroke where the leading edge vortex created during the downstroke sheds from the 

trailing edge while a counter clockwise vortex is created on the underside of the wing. 

The vortex develops on the underside of the wing and creates a low pressure region on 

the bottom. 

Horizontal Force (Fx) in the SF3 model is characterized by the shedding of the 

vortices, as these align to create jet like behavior in the wake, as previously seen in 

Figure 4-8. The maximum Fx is achieved in the phase of the motion where the LEV is 

being shed. The production of this force starts when the bending is at its maximum and 

higher wing velocities are present. Similar results have been shown in previous 

experiments for a hovering wing[67]; these results presented that the maximum 

streamwise force occurred slightly before the maximum spanwise bending angle.  

Fx and Fy for the SF1 wing are shown to be significantly smaller than the SF3 

wing. This is a result of a significant tip-root lag which has been shown to diminish the 

generation and development of unsteady vortex structures. Ultimately, insignificant 

amounts of horizontal and vertical forces are generated on the SF1 wing. 

Spanwise Flexible Wings with Passive Pitch 

The following sections present a study performed on spanwise flexible wings that 

are supported only over the first quarter chord at the root.  This configuration was 

chosen so as not to constrain the twist and is presented in Figure 2-3(b). The models 

studied are an HDPE model with a Π1 of 1702, an LDPE model with a Π1 of 444, and an 
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LDPE model with a Π1 of 55 so as to examine stiffness parameters varying several 

orders of magnitude. These will be referred as the SFPP3, SFPP2 and SFPP1 models 

for the remainder of the thesis. The numbers represent the order of magnitude of the 

effective stiffness parameter. For an explanation on the setup and processing used on 

this set refer to Chapter 2 section on SFPP setup. As previously mentioned, the study is 

carried out to understand the effect of the flexibility on the unsteady fluid phenomena 

generated over the strokes, and how these could be related to the production of 

aerodynamic forces. The studies are done on two different frequency ratios, 0.4 and 

0.9.The lower ratio was reported as the ratio of maximum efficiency[44], [48], [50], [54], 

and the one close to unity (almost excited at the natural frequency) is for the maximum 

thrust[44], [48]–[54]. The sections will include an analysis on the flow field and the 

deformations of the wing, followed by an analysis on the local forces generated using 

the momentum balance approach.  

Flow Field and Deformation Analysis 

This section presents details of the phase averaged velocity fields characteristics 

obtained from the PIV analysis, and the deformation characteristics of the wings. The 

flow fields studied are at the 50%, 60%, 75% and 90% spanwise planes. The results are 

shown as contour plots of vorticity with streamlines superimposed on the field. The field 

of view was changed from the one used in the SF study so that the early formation of 

the LEV and the near wall effects could be studied. The drawback is that only one side 

of the wing is visible; however since the motion is symmetric the upstroke motion would 

represent what is expected to be seen on the opposite side of the wing. The entire flow 

field results present phase averaged information. 
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The contour plots are presented for the entire downstroke, and the beginning of 

the upstroke. The last row of the figures presents phase 225°. The white regions in the 

contour plots represent regions of the flow that were masked out. These regions are 

due to the flapping mechanism being in the lower part of the field of view (FOV), and the 

laser bloom for regions close to the wing. A black line is plotted on each figure to clarify 

the wing position at each phase. This represents the wing’s chord location in that 

specific plane. The wing’s position and deformation is obtained by tracking the laser 

bloom on the PIV images to within 0.5 mm. The flow fields are shown for a specific 

phase in the fluid motion, where 0° phase indicates the beginning of the downstroke, 

while 180° is the beginning of the upstroke. The first two columns show the wing excited 

at a frequency ratio of 0.4, and the last two at a frequency ratio of 0.9. Columns A and C 

show the 50% spanwise plane, and columns B and D show the 75% location. It must be 

noted that part of the design of the wing was to allow for a geometric twist to be 

passively induced. After examining all wings, it was found that this was not 

accomplished as desired. The wings showed a geometric twist that was lower than 1.5° 

at all phases, thus not being significant in this study, as the spanwise deformation drives 

the flow for all cases. This was also in the range of the deviation found by using the PIV 

laser bloom tracking algorithm. Thus it could not be resolved. For future experiments a 

more reliable method should be used to determine the twist. 

SFPP3 Model 

The flow and spanwise deformation result for the SFPP3 wing are shown on 

Figures 4-14 and 4-17 respectively. For clarity purposes, blue in the vorticity fields 

represents clockwise rotation, and red (yellow) show counter clockwise rotation.  
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Frequency ratio of 0.4 

The flow for this ratio is mostly characterized by the formation and shedding of a 

LEV, and a TEV. The LEV is seen to start to form at 45°, and it continues to grow as it 

advects towards the TE. At the end of the downstroke, it is present at around the mid 

chord, and it pulls the streamwise momentum to the top of the wing. This might impede 

the formation of the LEV, as the following stroke starts. As the upstroke starts, the LEV 

from the previous stroke still advects toward the TE, but it is weakened as the wing 

moves in its path. The shed LEV can be seen in phase 45°, located around half a chord 

away from the TE. Column B shows the flow at the 75% location. The LEV is stronger 

for this location. Right after the midstroke it is seen that the vortex is large, and it is 

almost the length of the local chord. The shed vortices at this location appear weaker 

than at the midspan. This could be due to the large deformations seen for this frequency 

ratio. The vortices appear at similar locations for both spanwise locations, thus it could 

be inferred that these are slices of a vortex tube. The formation and growth of a leading 

edge vortex tube is important in these flows as it creates large regions of low pressure 

on top of the wing. This in turn allows the wing to have an improved lift performance for 

phases where the LEV is present. In addition, as also shown for the SF3 wing, as the 

LEV is advected towards the TE, it is able to align with the TEVs that are shed, and 

create jet-like behavior in the wake, which could also improve thrust generation. In the 

case of this wing, the shed vortices are not as strong, and they are weaker for locations 

close to the tip. Even though they are still vortex tubes, they are not able to pull as much 

momentum, making the wake capture mechanism much weaker. 

During the motion only one TEV is formed and shed. The TEV is seen to form at 

45°, and it is shed immediately after, as seen in the midstroke.  
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The formation of the fluidic structures is explained by the flexibility characteristics 

of the wing. The results of the deformation (Figure 4-17) show that at this frequency 

ratio the deformation can be as large as 3.5 times the amplitude of the motion for the 

planes studied, which leads to significantly higher wing accelerations as we approach 

the tip. The largest spanwise bending is seen at the beginning and end of the 

downstroke. One important feature that allows structures to be formed is that the wing 

deformation is in phase with the root throughout the cycle. And this coupled with the 

larger wing velocities, allow for the generation of higher vorticity. The fact that they are 

in phase means that for a complete downstroke the whole wing is moving downwards, 

thus only clockwise vorticity is generated at the LE on top of the wing. This behavior 

allows the wing to have a vorticity field that is not fragmented in the spanwise direction, 

thus being beneficial for force generation. A drawback of this wing is that the large 

spanwise deformation of about 3.5 times the amplitude means the wing moves into the 

root, thus weakening the vortex tubes present. This could help explain the weaker LEV 

and TEV vortex seen for the 75% location. The LEV is further weakened by the change 

of direction that happens at the end of the downstroke. 

Frequency ratio of 0.9 

The flow field for this frequency ratio is significantly different than at the lower 

frequency ratio. The reason for this difference comes from the deformation of the wing. 

At this ratio the wing is out of phase with the root. For a larger portion of the motion the 

root and the 50% and 75% locations go in opposite directions. This phase lag could 

create a weak vorticity field throughout the span of the wing as it is fragmented. This 

means that vorticity of opposite signs are created at the locations studied. As the root 

plunges down, CW vorticity is present at locations close to the root, but at the midspan 
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and closer to the tip, CCW would be generated, thus being detrimental to aerodynamic 

force production, as seen previously. The deformation is also not as large as at the 

lower ratio. For this case the largest deformation is about 35% at the 75% spanwise 

location, and only about 10% at the midspan, thus a large increase in wing acceleration 

might not be achieved. The 50% and 75% locations deflect in the same direction. Since 

at these planes the wing behaves similarly, coherent vortex structures can be formed, 

but only locally. 

The flow field at the 50% location can be seen in Figure 4-14 column C. 75% 

spanwise plane is shown in column D. A LEV is formed around the midstroke for both 

locations. The formation is blocked in the figure views due to the placement of the 

flapping mechanism, but by studying the upstroke, and the streamlines it can be seen. 

The LEV sheds at the end of the downstroke. Immediately after the motion changes 

from down to upstroke a counter clockwise TEV is formed and shed. This immediate 

shedding of the vortices allows the vortices to align, but not in a favorable direction.  

As seen the wake is characterized by the presence of at least 5 vortices at the 

midspan, 2 counter clockwise vortices one TEV and from the LEV shedding, and 3 

clockwise TEV shed during the downstroke. At the 75% location, only a clockwise TEV 

shed and the shed LEV are present. The additional TEV from the transition between 

strokes is not present. This is evidence that the spanwise deformation moving into the 

root, coupled with the lag does not allow for coherent vortex tubes to be formed. This 

also causes the shed vortices to be weaker at this location. The behavior of a 

fragmented vorticity field can be explained more clearly by looking at the results from 

the lower frequency ratio. The behavior of locations closer to the root would be similar to 
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that seen in column A of Figure 4-14, where the shed vortices are seen to angle in the 

upward direction, and a LEV is formed. Whereas in this case the vortices are angled 

down during the downstroke and there is no LEV formed on top of the wing. 

When compared to the lower frequency ratio, it can be seen that this type of 

deformation is unfavorable for the formation of strong fluidic structures. Even though 

more vortices are formed, the deformation does not allow a strong LEV to be formed, 

thus larger regions of low pressure on top of the wing might not be encountered. 

SFPP2 Model 

The vorticity fields and the deformation for the model with intermediate flexibility 

can be seen in Figure 4-15 and 4-18. Similar trends as the ones seen for the SFPP3 

wing are present for this wing. 

Frequency ratio of 0.4 

The SFPP model flow at this ratio is dominated by the formation of an LEV that is 

destroyed as the wing moves into its path. At the beginning of the downstroke, the flow 

shows that there is only a wake with a velocity gradient in the plane of the wing, thus 

behaving like a flat plate. As it plunges down, the LEV starts to form, and pulls the flow 

towards the wing. By phase 45°, the flow has already been redirected downwards. The 

LEV keeps growing, spanning the majority of the chord by phase 135°. As the wing 

comes to a stop, the vortex reaches the TE, but as soon as the motion continues the 

wing moves into its path and the vortex is destroyed. The behavior of the LEV at the 

75% location is very similar. At this location two TEV, shed during the downstroke, can 

be seen. These vortices are present at the midspan but are very weak, having little to 

no effect on the direction of the flow. As explained previously, the generation of a strong 

LEV is favorable for force generation. For this wing, from the midstroke to the end of the 
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downstroke the LEV creates a region of low pressure on top of the wing. The vortex is 

large as it encompasses almost the length of the local chord. A drawback is that no 

strong structures are being shed, so there is no interaction between the LEV and a shed 

vortex, thus significant thrust may not be generated. At the 75% spanwise location, 

there is small vortex interaction at the midstroke and later phases but its effect is almost 

negligible, as will be explained in the momentum balance section. 

Similar to the deformation of the SFPP3 wing the SFPP2 wing shows the wings 

almost completely in phase with the root. The deformation is not as large, being around 

2-2.5 times the amplitude of the motion. Since the wing is almost in phase throughout 

the locations studied, the LEV is able to be formed, but this minor phase lag causes the 

wing to impede its growth, and it is not shed as its full strength. This provides further 

evidence that a favorable wing design would need to have spanwise deformation that is 

in phase with the root, thus providing larger wing accelerations and an environment 

where the LEVs can be generated. 

Frequency ratio of 0.9 

At this ratio a small LEV vortex is seen to form near the end of the strokes, as well 

as several TE vortices formed during the wings transition to downward motion. As seen 

in the beginning of the downstroke, there are 3 TEV that have been shed, and a fourth 

vortex that is the shed LEV. The flow behavior is similar to that of the SFPP3 wing. This 

is mostly due to the spanwise deformations also having a large phase lag with the root. 

The major difference is that this wing experiences higher deformation, thus the vortices 

that are created are stronger. 

As the wing plunges down, the flow is pulled to the top of the wing as seen by 

phase 45°. Also the vorticity present in the TE angles upwards. By the midstroke, a 
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small TEV is shed, and a second one begins to form. By phase 135° the 50% location 

has reached it maximum deflection and transitions to its downward motion, creating a 

vortex of the opposite sign that gets shed immediately, as well as the LEV that was 

formed under the wing. The LEV is seen to form around phase 180° (end of 

downstroke). The flow at the 75% location is slightly different, in that the vortices seem 

to have more of an effect on the flow, which is due to higher wing acceleration as it 

bends more than at the midspan. The TEV and the LEV vortices that get shed together 

during the transition (around 135°) can be seen clearly at the end of the downstroke. 

These vortices also align, but do not form a jet that is favorable for thrust production.  

The deformation (Figure 4-18) shows that the phase lag for this wing is also 

significant. The phase lag is of about 130°. This means that for the majority of the 

motion the root goes the opposite way. Deformation is also smaller for this frequency 

ratio. The midspan is seen to move about the amplitude of motion, whereas the 75% 

location is deformed about 2.5 times the amplitude. As seen for this wing also, the 

deformation drives the behavior of the flow, and determines whether strong fluidic 

structures favorable for force generation can be created throughout the cycles. The 

different deformations at each location create a complex vorticity pattern, similar to that 

of the SF1 wing and the SFPP3 at a high ratio. The only phases at which the LEV is 

allowed to form, is when the root reaches the end of the downstroke, and the midspan 

and 75% locations are halfway through the downward motion, thus deformation is not 

as high. When these locations reach their highest deformation the LEV reaches the TE 

and is affected by the wing moving in its way as soon as the wing transitions. The LEV 
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gets shed but it has been weakened, and as the wing transitions an additional TEV 

vortex is shed. In essence, the phase lag causes the shedding of coupled vortices.  

SFPP1 Model 

The flow and spanwise deformation result for the SFPP1 wing are shown on 

Figures 4-15 and 4-18 respectively. This wing was the most flexible, and had a low 

natural frequency, thus the frequencies of excitation tested are low. At the ratio of 0.4 

the plunging frequency is 2.7 Hz, and at a ratio of 0.9 it is 6.1 Hz. In consequence, the 

low frequency motion has little energy, and does not affect the flow or the wing 

significantly. 

 Frequency ratio of 0.4 

As stated previously the inertia of the wing at this ratio is small. This causes the 

motion to not have a significant effect on the flow. As seen in Figure 4-15, there are no 

clear vortex structures created during the motion. The 50 and 75% locations show a 

wake with a velocity gradient at the back of the TE, but that is the only discernible 

feature in the flow.  

The deformation results on Figure 4-19 show that at this ratio the wing was in 

phase with the root. The spanwise bending is small, only about 18% at the extremes, 

and both 50 and 75% locations behave the same. This shows that the wing mostly 

behaves like a rigid plate plunging at a slow rate. This deformation bends the flow 

slightly upwards throughout the downstroke, but does not have any other effect on the 

flow. Results for this wing show that a wing that is too flexible is not able to drive the 

flow, as the energy of the motion is small for low frequency ratios.  
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Frequency ratio of 0.9 

At this ratio the flow is mostly dominated by the formation of a LEV right before the 

end of the downstroke. The deformation shows that there is a significant lag between 

the root and the spanwise locations studied. At the midspan the lag is of 100° and at 

75% span it is 120°. Thus an adverse or fragmented vorticity field is also expected of 

this wing. The amplitudes are also larger when compared to the ratio of 0.4. The 

midspan deforms about 120%, whereas the 75% location deflects as much as 240%. 

This deformation influences the strength and formation of the fluidic structures, being 

able to form an LEV that is stronger than the one seen for theSFPP2 wing at the same 

ratio. This shows that the wing deformation or the induced amplitude of the motion is an 

important parameter, as the higher the deformation, the higher the wing velocities 

experienced for that wing. This allowing for the generation of LEVs of greater strength. 

As seen in the vorticity fields, at the midspan the LEV is seen to form at the end of 

the downstroke. At this phase the midspan and the 75% are at the middle of their 

motion, so the deformation is small, and the LEV is able to form. As the motion 

continues the location of all three planes are similar so the LEV continues to grow, but 

as soon as they start deviating significantly the vortex weakens and gets shed. This is 

very similar to the SFPP2 wing, where the vortex forms and sheds at the same phase. 

 The LEV at 75% is spans almost the length of the local chord, whereas at the 

midspan it is only about 20% the local chord. The size of the vortex means there is a 

large region of low pressure on top of the wing, which could lead to higher lift at this 

phase. This vortex is also seen to interact with the CCW shed during the motion, thus 

pulling the flow further down, and to the right, as it is a favorable jet-like behavior. The 

vortex is seen to shed right before the midstroke for the 75% location, which coincides 
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with the location of maximum spanwise location. At the midspan there is no evidence of 

the vortex being shed. This is likely due to the vortex being weak, and once the wing 

moves in its path as it transitions to move downwards, the vortex is destroyed in the 

process.  

As seen for both the SFPP3 and SFPP2, the deformation for this wing is similar as 

a function of phase. For this wing, at the low ratio the motion of all planes are mostly in 

phase, but at the higher ratio the wing experiences significant lags of about 120°. The 

only difference is that for this wing, the lower ratio did not produce higher spanwise 

bending, as in the case of the SFPP3 and SFPP2 models. The higher deformation 

allowed for higher wing acceleration, and thus a strong vortex could be generated. The 

problem is that the phase lags do not allow it to grow for the entirety of the motion and it 

gets weakened as soon as the wing changes direction. 

Momentum Balance 

The momentum balance method was used to calculate the local Fy (Thrust 

direction) forces for the SFPP wings. It must be noted that the control volume 

encompasses the spanwise planes studied for this wing, thus the results are only for 

40% of the wing. This should result in underestimated calculations. There are also 4 

planes for this portion of the wing, thus the flow is interpolated in between the planes to 

use this method. Even though the forces might not apply to the whole wing, by 

examining the fluidic structures generated, the deformation of the wing, and the forces 

generated locally at these locations, an understanding of how flexibility affects the 

performance can be gained. This allows for the study of what unsteady fluid 

mechanisms have an effect on the thrust production for the wings studied. The results 

for the SFPP3, SFPP2 and SFPP1 wings are presented in Figures 4-20, 4-21 and 4-22 
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respectively. Results are shown as a function of phase, where the blue lines represent 

the frequency ratio of 0.4 and red the frequency ratio of 0.9. 

The SFPP3 model shows the most significant force generation. The maximum Fy 

force is seen near the start of the upstroke. Around these phases, the LEV formed 

during the downstroke is being shed, and it interacts with the TEV vortices, creating 

beneficial vortex alignment for the generation of thrust. Once the LEV leaves the TE, 

and its strength is diminished, the thrust also drops significantly. As seen at the end and 

beginning of the cycle, only drag is present. From Figure 4-14, at the beginning 

downstroke all that is present is a shear off the TE, which only contributes to drag. At 

the higher ratio due to the significant phase lag experienced, no coherent vortex tubes 

are expected to form throughout the wing, thus there are no mechanisms to produce 

thrust. For this case all that is seen is significant drag. This is mostly due to the vortex 

street that is formed through the cycle. As explained previously, the vortices are not 

aligned favorably. In addition the spanwise deformation is small at this ratio, thus there 

is no benefit from higher wing velocities. 

The SFPP2 wing did not show significant thrust generation. At the ratio of 0.4, the 

wing shows thrust from midstroke to the end of the downstroke. From Figure 4-15, it can 

be seen that at these phases the LEV is located around the middle of the chord, and it 

pulls the streamwise momentum towards the TE of the wing. This flow then interacts 

with the TEV shed, which pulls the flow further down and to the right. Once the LEV is 

destroyed by the motion of the wing, there is decay in the Fy force. The thrust produced 

is significantly lower than for the SFPP3 wing, due to the vortices only having a 

significant interaction at the 75% location, as the midspan did not show large TEV being 
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shed. For the higher ratio, the thrust is produced at the end of the cycle. At the 

beginning of the downstroke (Figure 4-15), only an unfavorable vortex street is present 

thus only drag is seen. As the wing plunges down, the LEV forms and aligns with the 

TEVs to create a jet-like behavior. As in the 0.4 ratio case, the amount of thrust is not 

significant because this interaction is only strong at the 75% location.  

The SFPP1 wing showed the most unique behavior. At the low frequency ratio, the 

low inertia of the wing did not create any significant vortical structures. All that is 

observed is a shear off the TE. As seen in Figure 4-22, this leads to a constant drag of 

0.25 mN. At the higher frequency ratio, higher spanwise deformation is observed thus 

stronger vortical structures are formed. This wing shows larger thrust than the SFPP2 

model, and could be linked to this significantly greater deformation which leads to higher 

wing velocities. At the beginning of the cycle, the wake shows only a velocity gradient 

thus only drag with values similar to those seen for the 0.4 ratio case are observed. 

Significant thrust generation occurs at the beginning of the upstroke, where the LEV is 

large at the 75% location, and aligns with the TEV vortices. This behavior can be seen 

in column D, last row of Figure 4-16. 
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Table 4-1.  Modal Analysis on the wing models. 

Material Thickness 
(in.) Π1 Attachment Mode 1 

(Hz.) 
Mode 2 

(Hz.) 

Twist 
Mode (2nd 

mode) 
HDPE 1/16 1702 Root 45 228 No 
  1/16 1702 LE 30 145 Yes 
LDPE 1/16 444 Root 24 130 No 
  1/32 55 Root 10.5 60 No 
  1/16 444 LE 15 82 Yes 
  1/32 55 LE 6.8 34 Yes 

 

Table 4-2.  Frequency ratios for the studies in wind and water tunnel. 
 Water Tunnel Wind Tunnel 

Π1 f/fn f/fn 
O(101) 0.17 2.83 
O(103) 0.03 0.67 

 

 

  

 
Figure 4-1.  First Mode (Bending) for wings tested in the SF experiment.  

 

 
Figure 4-2.  Second Mode (Twist-Bending) for 2 wings tested in SFPP study. Left shows 

the HDPE wing, and right shows the most flexible LDPE wing. These are the 
same models as the SF experiment models, but attached at the LE. 
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Figure 4-3.  Vorticity and Q-criterion at beginning of the downstroke for the SF3 wing at 
the 50% location. 

 

  
Figure 4-4.  Vorticity and Q criterion at phase 75° for SF3 model at 50% spanwise 

location. 

 

   

  

Figure 4-5.  Vorticity and Q criterion at beginning of downstroke for SF3 wing at 75% 
spanwise plane. 
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Figure 4-6.  Vorticity and Q criterion at 75° phase for SF3 wing at 75% spanwise plane. 

 
Figure 4-7.  Isosurfaces of Q. slices are at 50% and 75% spanwise planes. 
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Figure 4-8.  Normalized velocity at phase 75° for SF3 wing at 75% spanwise plane. Jet-
like behavior (higher accelerated flow) in the region where the vortices align. 

  

  

  

Figure 4-9.  Vorticity and Q criterion at beginning of the downstroke for SF1 wing. Top: 
Midspan. Bottom: 75% span. 
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Figure 4-10.  Vorticity and Q-criterion near midstroke for SF1 wing. Top: Midspan. 

Bottom: 75% Span Plane 

 

 

Figure 4-11.  Displacements as a funtion of phase for SF1 and SF3 wings. 
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(a) (b) 

Figure 4-12.  Vorticity plots for phases where the LEV leaves TE for SF3 wing. (a) 50% 
span. (b) 75% span. 

 

 
Figure 4-13.  Phase averaged force calculations using Momentum Balance approach. 

SF3 wing in blue, and SF1 in red. 
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A 50% f/fn= 0.4 B 75% f/fn= 0.4 C 50% f/fn= 0.9 D 75% f/fn= 0.9 

 
Figure 4-14.  Vorticity fields (ω*) for SFPP3 model.
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A 50% f/fn= 0.4 B 75% f/fn= 0.4 C 50% f/fn= 0.9 D 75% f/fn= 0.9 

 
Figure 4-15.  Vorticity fields (ω*) for SFPP2 model.
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A 50% f/fn= 0.4 B 75% f/fn= 0.4 C 50% f/fn= 0.9 D 75% f/fn= 0.9 

 
Figure 4-16.  Vorticity fields (w*) for SFPP1 model.
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Figure 4-17.  Spanwise deformation for the SFPP3 wing. 

 
Figure 4-18.  Spanwise deformation for SFPP2 wing. 
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Figure 4-19.  Spanwise deformation for SFPP1 wing. 

 

 
Figure 4-20.  Force in the streamwise direction for SFPP3 wing using momentum 

balance method. 
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Figure 4-21.  Force in the streamwise direction for SFPP3 wing using momentum 

balance method. 

 
Figure 4-22.  Force in the streamwise direction for SFPP1 wing using momentum 

balance method. 
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CHAPTER 5 
SUMMARY AND FUTURE WORK 

This study carried out experiments on isotropic flexible wings under a plunging 

motion and involved wings fully and partially supported at the root. The study analyzed 

the flow, wing structural deformation and forces in order to examine the effects of the 

flexibility on the aerodynamic performance, and the unsteady mechanisms used to 

generate the forces. The flexibility was characterized by the effective stiffness 

parameter, and the wings were studied in a forward flight environment. The first part of 

the study consisted of two root mounted wings with varying spanwise flexibility. The 

conditions tested allowed for an examination of the effects of spanwise flexibility as twist 

was constrained. As well as being able to compare to studies with different fluid to 

structural density ratios. The kinematic and scaling parameters were all matched for the 

first part to assess the dynamic similarity using the effective stiffness. 

The high inertia of the plunging motion in these experiments caused both models 

to display significant deformations. The SF3 model showed a coherent vortex tube, with 

stronger vorticity at locations close to the tip. For some phases a jet-like behavior from 

the vortices was encountered, thus enhancing its thrust production. It also showed flow 

behavior similar to that of a flapping wing. The SF1 model was too compliant, having 

large tip-root lag. This created a weak vorticity pattern that led to poor aerodynamic 

performance. Since the behavior was significantly different than the same studies in 

water, it was concluded that the wing loading, density ratios, and frequency ratios are 

important when studying flexibility. Matching the kinematic scaling parameters and the 

effective stiffness did not ensure that the fluid dynamic effects were consistent. 
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This led to the understanding that the effects of structural resonances should also 

be considered. The parameter of interest in this case is the frequency ratio, the ratio of 

plunging (excitation) frequency to natural frequency of the material. The second phase 

of experiments was designed after these results, to include a modal analysis, and flow 

and deformation measurements for different wing configurations and excitation 

frequencies. Wings with the same materials were used so that the spanwise 

deformations could be comparable between experiments. Since the SF wings did not 

show significant twist, which is linked to the production of thrust, the wing was 

redesigned to be attached just at a portion of the root. Also in the SF experiments a 

stiffness parameter in the O(102) was not studied, so it was included in the second set. 

In addition to these changes, the frequency ratio was added as another parameter in 

the study. The flexibility is still characterized by the stiffness parameter, but the addition 

of this parameter was chosen to give more insight into the behavior of the wing under 

certain conditions. The flow measurements were carried out at frequencies ratios for 

maximum efficiency and maximum thrust generation as reported by the literature. 

Results for this set showed that the flow was mostly driven by the spanwise deformation 

of the wing. As the spanwise deformation increased, so did the strength of the fluidic 

structures generated. The development of the structures was also found to be a function 

of the phase lags in the deformation. For cases where the lag between the root and the 

planes studied were high, a detrimental effect on force production was found. The SFPP 

wings were still able to generate a LEV when the deformation was not high, but when 

the wing transitioned from downward to upward motion or vice versa, the LEV was 

weakened or destroyed. The LEV was also seen present only for about a quarter of the 
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cycle. The deformation characteristics for the SFPP wings were similar for the same 

frequency ratios. At the low ratio, the wings showed a small or no lag between the root 

and the planes analyzed. At the higher ratio, all the wings showed a significant phase 

lag of about 120°. The force results showed that there were mainly two mechanisms 

that were important for thrust generation. One was higher deformations which lead to 

higher wing velocities, thus creating a stronger LEV. A caveat to this is that the 

deformation cannot be too great, as to interfere with the vortex tubes. The other 

mechanism which is common in all wings is jet-like behavior of the vortices. An increase 

in thrust was seen in all cases when the LEV interacted with the shed TEV, thus pulling 

the streamwise momentum from the top of the wing, diagonally down and into the 

streamwise. 

In order to fully understand the effects of flexibility more emphasis needs to be put 

into understanding the geometric twist of the wings, and their structural properties. The 

next step in the study is to change the attachment configuration of the wings, so as to 

induce more twist. More materials needs to be tested, and a detailed analysis on the 

twist and spanwise deflections using a Laser Doppler Vibrometer need to be added to 

the current study. The goal is to find a wing that does not show large phase lag in the 

spanwise direction, as well as favorable geometric twist for locations closer to the root, 

and throughout the span. In conjunction with the deformations studies, an analysis on 

the forces using a force transducer needs to be implemented. The first step in this 

process would to be able to obtain a tare of the forces. This can be accomplished by 

placing the flapping mechanism in a vacuum, and obtaining repeatable force 

measurements. By examining the results, one will be able to assess what contributions 
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are due to the structure, and what is due to the wing. Once a tare is obtained, it can be 

used to analyze the aerodynamic forces generated, once the selected wings are tested 

in a forward flight environment. This can also serve to validate the results of the 

momentum balance approach, to see if the same trends are seen, and how many 

spanwise planes are required to obtain an accurate force. 
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