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Abstract

Unmanned aerial vehicles (UAVs) are increasingly called upon to inspect pipelines,

track agricultural volatiles, and map disaster zones where Global Positioning Sys-

tem (GPS) signals are unreliable or actively jammed. Inspired by the active sensing

strategies of flying insects, this dissertation explores how carefully choreographed

flight trajectories can reconstruct lost odometry. I focus on a midsize UAV; however,

the results extend to micro UAVs whose size or damage precludes stereo or depth

cameras and limits the payload to an inertial measurement unit (IMU), a monocular

camera, and a wind probe. Using nonlinear observability analysis, I first show how

insects could estimate ground speed and wind speed with their antennae and delib-

erate maneuvers. Adapting these insights to my UAV, the “BIG BUG,” I designed

insect-inspired trajectories such as cross-wind casting (sinusoidal paths), flew them

in a motion-capture arena, and fused optic-flow, IMU, and wind sensor data in an es-

timator. The results demonstrate that these bio-inspired maneuvers improve velocity

and wind-state estimates compared with naïve straight-line flight.
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Chapter 1

Introduction

1.1 Introduction

Small unmanned aerial vehicles (UAVs) are increasingly deployed for inspection, map-

ping and plume�tracking tasks where Global Positioning System (GPS) reception is

weak, intermittent, or deliberately jammed. In suchGPS-denied environments, even

a basic quantity like ground speed must be reconstructed from on-board sensors alone.

Vision�based simultaneous localisation and mapping (SLAM) systems such as ORB-

SLAM2 can estimate pose with a single camera (2), and a recent survey catalogues

dozens of visual methods tailored to GPS-denied �ight (3). Yet optical �ow degrades

in low-texture crop rows, at night, or in fog, and purely visual odometry struggles

to recover absolute scale or velocity. Hybrid estimators that fuse optic �ow with in-

ertial data and other cues now outperform vision-only baselines: optical-�ow+IMU

fusion cuts horizontal-velocity error by more than 50 % in windy �eld trials (4; 5),

while broader multi-sensor surveys highlight the importance of redundancy for safety-

critical operations (6).
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Odor-plume localisation adds another layer of di�culty. A drone that seeks a gas

leak or agricultural hotspot must infer theambient wind vector, but a body-mounted

probe senses only the vector sum of wind and the vehicle's own motion. Decades

of work on mobile-robot olfactory search underscore that reliable wind estimation

remains a bottleneck for chemical source localisation (7). Biology o�ers a compelling

template: insects exploit specialised �ow sensors to stabilise speed and steer upwind

in highly turbulent environments. Recent neural-inspired hardware now mimics those

sparse, low-power �ow sensors and classi�es spatiotemporal patterns with millisecond

latency (8). Theoretical studies further predict that optimal search strategies combine

cross-wind casting with upwind surges, leveraging plume intermittency (9).

Replicating such complex, unsteady �ows in the laboratory is non-trivial. Con-

ventional closed-return tunnels produce nearly laminar streams, whereas multi-fan

wind tunnels can synthesise gusts, shear layers, and spatially varying plumes on de-

mand. Recent work pro�les the �ow uniformity and control authority of a commercial

WindShaper for free-�ying-drone tests (10), and fan-array generators have been aero-

dynamically characterised up to 8 m s� 1 freestream speed with �ne spatial resolution

(11). Because both studies focus on moderate�to�high velocities, a methodological

gap remains for characterizing the sub-2ms �ows that are most relevant to insect-scale

vehicles and odor-plume experiments.

Against this backdrop, the present dissertation pursues three themes:

1. Upwind Detection of Ambient Wind Using Biomimetic Antenna Sen-

sors for Aerial Vehicles through Active Sensing In Chapter 2, we show

that a pair of �exible cantilever-beam �antennae,� instrumented only with base

strain gauges, can make the entire vehicle state observable: ambient wind speed

and direction, ground speed, and attitude�provided the craft performs a mini-

mal set of active maneuver (heading sweeps, antenna reorientation, and brief ve-
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locity modulations). A nonlinear observability analysis pinpoints exactly which

control inputs and signal derivatives are required, laying the theoretical ground-

work for multifunctional, insect-inspired �ow probes on micro-air vehicles.

2. Characterization of a multi fan array wind tunnel for studying insect

�ight behavior Chapter 3 transitions from theory to experiment with the

design and validation of a novel multi-fan-array wind tunnel. By combining

modular �ow manipulators (honeycomb lattices, mesh screens) with dynamic

fan activation schemes (checkerboards, split �ow shear layers), I replicate the

turbulence intensities, directional variability, and spectral properties of natural

wind measured in forest canopies (1; 12). Behavioral assays with optogenetically

stimulated Drosophila then reveal more insites on how insects might shift from

classic surge-and-cast to circling search strategies as wind steadiness degrades,

supporting a uni�ed framework for olfactory navigation.

3. Improving Velocity Estimation for UAVs in GPS Denied Outdoor En-

vironments In Chapter 4, I bring these insights back to UAVs, demonstrating

that combining an IMU, a monocular optic �ow camera, and a wind sensor to-

gether with insect inspired �casting� trajectories yields faster convergence and

lower error when using an Extended Kalman Filter, both in simulation and with

real quadrotor data. These results underscore that, beyond hardware, carefully

crafted motion patterns are key to unlocking state observability when GPS and

stereo vision are unavailable (13).

Taken together, this work weaves a bio inspired thread from fundamental sensing

physics through controlled laboratory environments to applied robotic experimenta-

tion, showing how insect derived strategies can dramatically enhance UAV navigation

in the most challenging, GPS denied settings.
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Chapter 2

Upwind Detection of Ambient Wind

Using Biomimetic Antenna Sensors

for Aerial Vehicles through Active

Sensing

2.1 Introduction

Localizing odor plumes with aerial vehicles is an open engineering challenge, despite

signi�cant e�orts (14; 15). Insects, however, excel at this task, and may serve as

inspiration. Male moths, for example, can locate a pheromone plume from hundreds of

meters away (16). Their strategy involves �ying in a zigzagging (casting) pattern until

they sense a high concentration of pheromone, which triggers an upwind surge. The

moths then repeat this process whenever the concentration drops or the wind changes
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direction (17). Fruit �ies and other insects perform similar behaviors, suggesting it

to be a general strategy (18; 19). These surge and cast behaviors require that the

animal be able to estimate the ambient wind direction so that they can guide their

behavior either upwind or crosswind. Central to this behavior are the antennae,

which house both olfactory receptors and mechanoreceptors (20). Although insects

are able to measure air�ow using their antennae (21; 22; 23), these measurements

represent the vector sum of ambient wind and wind induced by the insects own

motion. Separating this single measure of apparent wind into its components remains

an unresolved challenge, in particular when direct ground speed measurements are

not available. In this paper we �rst explore whether it is theoretically possible for

an insect to extract both ambient wind and ground speed information exclusively

from their antennae, and then report our progress on developing an insect inspired

antennae that could be used on a plume tracking Micro Air Vehicle (MAV).

To measure air�ow, insects measure de�ections of their antenna with two types of

mechanosensors, positioned at the base of the antenna, Böhms bristles (22) and the

Johnston's organ (21). With larger values of apparent wind, the antennae undergo a

larger de�ection, and by comparing the de�ections across both antenna, �ies are able

to determine apparent wind direction (23). One option for extracting an estimate

of ambient wind from this measure of apparent wind is that insects may be able to

estimate their ground speed using vision (24). Then, by subtracting these ground

speed estimates from the apparent wind measurements the insect could estimate the

ambient wind speed and direction. Visual estimates of ground speed, however, require

an accurate measure of acceleration (24), reliable visual textures, and operate at much

slower speeds, limiting their value for dynamic maneuvers (25). Given their robust

plume tracking behaviors and rapid maneuvers, it is likely that while helpful (18),

accurate estimates of ground speed from vision may not be required for insects to
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determine wind speed and direction.

Many insects also rely on their antennae for other kinematic measurements, such

as angular velocity and acceleration. For example, moths use the Johnston's organ

at the base of their antenna to measure Coriolis forces (26), a measurement that is

performed primarily by halteres (club shaped vestigial wings festooned with strain

sensors that beat at wingbeat frequency) in �ies (27; 28; 29). The ability to measure

small vibrations also makes antennae well suited to detect sound (30), though this is

not of immediate relevance to our interests. Thus, the antennae ful�ll a highly multi-

functional role, which is in part made possible through carefully controlled and active

movements of the antenna (31; 32). Antennae are not the only actively controlled and

de�ection sensitive appendages attached to an insect. Recent work has shown that

strain sensors positioned on the wings can also be used to measure angular velocities

of the body through Coriolis forces, much like halteres (33). These Coriolis forces are

orders of magnitude smaller than the strain resulting from the �apping motion, but

can be extracted using nonlinear temporal �lters (34).

Although there exists a myriad of experimental evidence implicating insects' an-

tennae as key sensors in numerous applications, including air�ow, acceleration, and

Coriolis forces, it remains unclear how a single organ could simultaneously provide

each of these measurements. Of particular interest to us is the ability to extract

ambient wind speed and direction from air�ow measurements, while also taking into

account e�ects of linear and rotational acceleration. To resolve this question, we

model the antenna as a simple beam with a small paddle attached to the end, con-

strained to three degrees of freedom: forward and lateral motion in a plane, and

rotation. Given that other antennae-like appendages utilize strain sensors, we fur-

ther simplify our analysis by modelling the Johnston's organ and Böhms bristles as

simple strain sensors. We then use a nonlinear observability analysis to con�rm that
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it is indeed possible to extract a full state estimate from these strain measurements,

but �nd that this is only possible if body rotations and forward velocity are actively

controlled.

Compared to contemporary wind sensors, such as hot wire anemometers and ul-

trasonic anemometers, insect inspired antennae o�er several potential advantages.

Most existing wind sensors are too large, and unable to accurately measure low wind

speeds in the range of 0 to 1.5 m/s, which are common during plume tracking tasks.

To combat these limitations, Fuller, et al, designed an ultra-light weight sensor that

could �t within the weight restrictions of a bumblebee-sized MAV that uses a single

paddle like structure to measure de�ection in the presence of wind (35). In this paper

we lay the theoretical groundwork to begin using such structures in conjunction with

active maneuvers to generate full state estimates.

2.2 Antenna Strain Model

To determine whether measurements from a single strain sensor at the base of an

insect inspired antenna can be used to to make a full state estimate including wind

speed, wind direction, ground velocity, angular velocity, and linear and angular accel-

eration, we begin by modeling the strain as a function of these states. Throughout the

paper, we will restrict our analysis to three degrees of freedom: linear and rotational

movement of both the body and antennae within a plane. We will model the strain

as the sum of three components: drag due to apparent wind, inertial e�ects resulting

from linear acceleration, and inertial e�ects resulting from angular acceleration. In

each case, we model the antenna as a Bernoulli-Euler beam, consisting of a narrow

cantilever with a small paddle attached to the end (Fig 2.1). The paddle serves as the

primary means of responding to drag caused by the apparent wind, and is modeled
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as a point mass in our inertial calculations. Other assumptions include constant wind

speed and direction (or slowly varying), and in our inertial calculations we ignore

brief transients due to changes in acceleration. In the following three subsections we

derive the value of strain resulting from apparent wind, and linear and rotational

acceleration.

2.2.1 Strain due to drag from apparent wind

Figure 2.1: Kinematic variables of a pair of insect antenna subject to forward motion
and ambient wind.

The apparent wind, ~Wa, is the vector sum of the ambient wind and wind created

by the body's own movement. It is this feature that makes this estimation prob-

lem challenging and interesting: how can these two components be separated from

measurements that combine the two? The apparent wind can be calculated in global

coordinates as follows,

~Wa = ( V cos(� ) + W cos(� ))~x + ( V sin(� ) + W sin(� ))~y; (2.1)

where V, W, � , and � are de�ned in Fig. 2.1. Next we calculate the perpendicular
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component of the apparent wind for the two antennae,

W ?
a1 = ( V cos(� ) + W cos(� )) sin(� � � ) + ( V sin(� ) + W sin(� )) cos(� � � );

W ?
a2 = ( V cos(� ) + W cos(� )) sin(� � � + � ) + ( V sin(� ) + W sin(� )) cos(� � � + � ):

(2.2)

We then take into account wind created by rotation, and calculate the total drag

force on each antenna as follows,

F1 =
1
2

ApCd� a
�
W ?

a1 � L( _� + _� )
� 2

;

F2 =
1
2

ApCd� a
�
W ?

a2 � L( _� + _� )
� 2

;
(2.3)

whereAp is the area of the paddle,Cd is the drag coe�cient, � a is the density of air,

and L is the length of the cantilever. Following Bernoulli-Euler beam theory with no

mass e�ects, and small de�ections, we then calculate the strain at the base of each of

the two beams caused by the net drag force,

� d
1 =

F1Lh=2
EI

;

� d
2 =

F2Lh=2
EI

;
(2.4)

where h is the thickness of the cantilever,E is the Young's modulus, andI is the

second moment of area of the cantilever.
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Figure 2.2: Insect antenna undergoing base excitation,u(t).

2.2.2 Strain due to linear acceleration

To determine the strain due to both linear and rotational accelerations, we begin by

modelling the antenna as a Bernoulli-Euler beam with a point-mass a�xed to the

end. The point-mass represents the paddle shown in Fig. 2.1. Figure 2.2 depicts

the model used for the linear and angular acceleration derivations. Here,êx and êy

are unit vectors in the Newtonian reference frame,x measures the distance from the

base of the cantilever to the free end atx = L, where L is the total length of the

cantilever. w(x; t ) is the transverse displacement, in thêey direction, of the beam,�

is the mass density,Ac = bh is the cross sectional area, whereb is the beam width and

h is the beam thickness,E is the Young's modulus of the beam, andI = 1=12bh3 is

the second moment of area of the beam. The equation of motion for the homogeneous

system is given by (36)

�A c
@2w(x; t )

@t2
+ EI

@4w(x; t )
@x4

= 0; (2.5)

with the following boundary conditions:

w(0; t) = 0 ; (2.6a)

@w(0; t)
@x

= 0; (2.6b)
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@2w(L; t )
@x2

= 0; (2.6c)

EI
@3w(L; t )

@x3
= m

@2w(L; t )
@t2

: (2.6d)

Using Eq. (2.5) and Eq. (2.6), and assumingw(x; t ) is separable in space and time,

the eigenvalue problem for the system is generated and the following characteristic

equation of the system is determined:

f (�L; �) =
�

� � �L sin(�L ) + cos(�L )
�

cosh(�L ) + � �L cos(�L ) sinh(�L ) + 1 = 0 :

(2.7)

Here, � is the nondimensional tip mass� = m=�AL . For a given nondimensional

tip mass � , the solutions of Eq. (2.7) determine the countably in�nite eigenvalues of

the system�L . The nth natural frequency, ! n , of the system, for a given eigenvalue

� nL, is given by:

! n =

s

(� nL)4
EI

�AL 4
: (2.8)

The general solution for thenth modeshape of the system is given by:

� n(�x) = C1 cos(�L �x) + C2 sin(�L �x) + C3 cosh(�L �x) + C4 sinh(�L �x); (2.9)

where we have nondimensionalizedx = �xL for simplifying the calculations given

below. The constantsC1; C2; C3; C4 are determined (up to an arbitrary constant)

from the boundary conditions in Eq. 2.6. In the proceeding sections, we will normalize

the displacement of the tip of the beam to unity, that is� n(1) = 1 , to simplify the

calculations.
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To estimate the strain detectable by the sensor due to linear acceleration, we

model the system depicted in Fig. 2.2 under a base excitationu(t), whereu(t) is the

time dependent displacement of the base of the cantilever. This system is depicted

in Fig. 2.2.

The new equation of motion for the system becomes:

�A c
@2w(x; t )

@t2
+ EI

@4w(x; t )
@x4

= � �A c
d2u(t)

dt2
; (2.10)

where the nonhomogeneous term in the equation is due to the linear acceleration of

the base of the cantilever.

For simplicity and ease of calculation, we assume the solutionw(x; t ) can be ap-

proximated by a single mode expansionw(x; t ) = q(t)� (x). Here,q(t) is the temporal

component of the solution and� (x) is the �rst bending mode of the system given by

the solution of Eq. (2.7) and the implementation of Eq. (2.9), with� (L) = 1 .

Substituting the expansion in to Eq. (2.2), nondimensionalizingx = �xL , and

taking the inner product of the resulting equation with the �rst bending mode of the

system� (�x) we obtain the following second order ordinary di�erential equation:

•q(t)
Z 1

0
� 2(�x)d�x + q(t)! 2

1

Z 1

0
� 2(�x)d�x = �

d2u(t)
dt2

Z 1

0
� (�x)d�x; (2.11)

where ! 1 is the �rst natural frequency of the homogeneous system given by! 1 =

(� 1L)2
p

EI=�A cL4. Equation (2.11) is then solved assumingq(0) = _q(0) = 0 ,

d2u(t)=dt2 is constant, and there exists an additional damping force in the system

proportional to _q(t). The resulting solution is used to calculate the steady-state

value, qSS, observed in the solutionq(t).

From thin beam theory (37), the strain in the beam in theêx direction is given by
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� x (x; t ) = � z@2w(x;t )
@x2 , wherez is the distance from the neutral axis of the beam. The

maximum strain occurs at the top and bottom surfaces of the beam atz = � h=2.

Using z = � h=2 and our assumed expansion, we obtain the following equation for

the strain on the surface of the beam:

� x (�x; t ) = q(t)
� h=2

L2

d2� (�x)
d�x2

: (2.12)

Substituting the steady-state value obtained forq(t) and simplifying we obtain:

� x (�x) =
6�L 2

(�L )4Eh

R1
0 � (�x)d�x

R1
0 � 2(�x)d�x

d2� (�x)
d�x2

d2u(t)
dt2

: (2.13)

Equation (2.13) estimates the steady-state strain� x (�x) at a given location �x on the

beam, assuming constant linear accelerationd2u(t)=dt2.

2.2.3 Strain due to angular acceleration

Figure 2.3 depicts the system undergoing rotation of the base. The coordinate system

formed by the unit vectorsêr and ê� is �xed to the rotating cantilever. In this system,

w(x; t ) measures thêe� displacement of the beam at a locationx along the êr axis.

The unit vectors êx and êz form the Newtonian reference frame.

Figure 2.3: Insect antenna undergoing rotation about the base,� (t).

In order to calculate the strain generated by the rotation� (t), we �rst calculate the
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acceleration caused by the rotating reference frame. We de�ne the position vector

locating an in�nitesimal portion of the beam to be ~r(t) = xêr and calculate the

resulting acceleration~a(t) = d2~r(t)=dt2. The resulting acceleration is found to be:

~a(t) = x •� (t)ê� � x _� 2(t)êr : (2.14)

Neglecting accelerations in thêer direction, we update our equation of motion (in

the rotating reference frame) by including the equivalent �ctitious forces generated

by the non-Newtonian frame to obtain:

�A c
@2w(x; t )

@t2
+ EI

@4w(x; t )
@x4

= � �A cx •� (t) � mL •� (t)� (x � L); (2.15)

where� (x � L) is the Dirac delta function, with units of inverse length.

Using the same approach outlined in the previous section, we obtain the follow-

ing ordinary di�erential equation that describes the motion of the beam undergoing

rotation of the base:

•q(t) + q(t)! 2
1 = � L •� (t)

R1
0 �x� (�x)d�x

R1
0 � 2(�x)d�x

�
mL
�A c

•� (t)

R1
0 � (�x)� (�x � 1)d�x

R1
0 � 2(�x)d�x

: (2.16)

Assuming that the angular acceleration is constant and there exists some external

damping in the system, the steady-state solutionqSS is given by:

qSS =
1
! 2

1

 

� L •� (t)

R1
0 �x� (�x)d�x

R1
0 � 2(�x)d�x

�
mL
�A c

•� (t)

R1
0 � (�x)� (�x � 1)d�x

R1
0 � 2(�x)d�x

!

: (2.17)

Equation (2.17) along with Eq. (2.12) can be used to calculate the strain due to

the steady-state displacement at any position of the beam.
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2.3 Observability Analysis

In this section we will determine under which circumstances it is possible to extract a

full state estimate, including estimates of ground velocity, wind speed, wind direction,

linear acceleration, and angular velocity and acceleration, from measurements of a

single strain sensor at the base of 1-2 idealistic antenna attached to a moving agent in

a constant �eld of wind. Intuitively, this task may seem challenging, if not impossible,

because the strain sensor will measure de�ections of the antenna that are caused by

the apparent wind, which is the vector sum of the ambient wind, and the induced

wind created by the agent's own motion, in addition to de�ections caused by linear

acceleration and rotational velocities. To resolve this question we will draw on a

nonlinear observability analysis (38). We begin by modeling our system as a nonlinear

di�erential equation in state space,

_z = f 0(z) + f 1(z)i 1 + f 2(z)i 2 + f 3(z)i n ; (2.18)

where z is the full state, f 0 is the natural or drift dynamics, and i 1� n are various

control inputs that can be applied with the corresponding dynamicsf 1� n .

For two antenna, and taking into account the e�ects of drag, forward acceleration,

and rotational acceleration on the strain, our state consists of

z = [ W; �; V; _V; �; _�; •�; �; _�; •�; �; c 1; c2; c3; k4; k5; k6]. The �rst 11 variables are de�ned

in Fig. 2.1. The last 6 variables are constants related to control, drag (Eqn. 2.4),

and the beam characteristics (Eqns. 2.13 and 2.17). We includec1� 3 to allow for

the possibility that angles and velocities may be controlled, but by some consistent

yet unknown amount. We also include_v; •�; •� in zzz because these enter into our strain

equations, but cannot be directly measured, and must therefore be estimated. Our
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state representation is then as follows,

_z =
d
dt

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

W

�

V

_V

�

_�

•�

�

_�

•�

�

c1

c2

c3

k4

k5

k6

3
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7
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7
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7
7
7
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=

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
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6
6
6
6
6
6
6
6
6
6
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6
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6
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6
6
4

0

0

_V

0

_�

•�

0

_�

•�

0

0

0

0

0

0

0

0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

+

2
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0

0

0

0

0

c1

0

0

0

0

0

0

0

0

0

0

0

3
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i 1 +
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0

0

0

0
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0

0
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0

0
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0

0

0

0
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3
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0

0
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0

0

0
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0
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3

7
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i 3; (2.19)

wheref 1 corresponds to control of•� , f 2 corresponds to control of•� , and f 3 corresponds

to control of _V.

For the two antenna case, taking into account drag, linear acceleration, and rota-

tional acceleration, the set of observations, can then be written as follows,

h(zzz) = f � 1; � 2; � g; (2.20)
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where,

� 1 = k4
�
(V cos(� ) + W cos(� )) sin(� � � ) + ( V sin(� ) + W sin(� ))cos(� � � � � ) � L( _� + _� )

� 2

+ k5 sin(� )) _V

+ k6( •� + •� );

� 2 = k4
�
(V cos(� ) + W cos(� )) sin(� � � � � ) + ( V sin(� ) + W sin(� ))cos(� � � ) � L( _� + _� )

� 2

+ k5 sin(� + � )) _V

+ k6( •� + •� ):

(2.21)

Note that we include � in the observations as our subsequent analysis indicates

that it is required for making a full state estimate.

To build some intuition about the system, we will begin by analyzing the case of

a single antenna with negligible mass. Then we work our way up to two antenna with

rotation and forward acceleration. A summary of our results is provided Table 2.1.

In the single negligible mass antenna case, the observations are simply,

h(z) = f � d
1; � g; (2.22)

where � d
1 is de�ned in Eqn. 2.4. In addition to this direct strain measurement,

however, we also have access to its time derivative, since that can be calculated from

sequential strain measurements. However, because the system is constrained to follow

its natural dynamics of f 0, we instead calculate the directional, or Lie, derivative of

h along f 0. Assuming that all the control inputs are zero,
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dh(z)
dt

=
@h(z)
@(z)

d(z)
dt

=
@h(z)
@(z)

f 0: (2.23)

We can repeat this process any number of times to calculate higher order directional

derivatives. For this, we use the following notation,

L f 0 h =
@h
@z

f 0(z); (2.24)

such that the second Lie derivative can be written asL2
f 0

h = L f 0 L f 0 h. What happens

if our control inputs are not zero? In this case, we can calculate the Lie derivative

of h along our control input, f k , as L f k h. However, because it is impossible to turn

o� the natural drift dynamics, we must instead calculate the repeated Lie derivative,

L f 0 L f k h. If the control is applied to the derivative of some state, e.g._� , yet new

information is to be gained from changes in the integral of that state, e.g.� , then

we can include the termL f 0 L f k L f 0 h. Note that because each of the controls is inde-

pendent of the others, there is no need to include the Lie brackets between controls,

since they are all zero.

To determine if the system is observable, we collect all possible combinations of

these terms into theobservability Lie algebra,

O = f h;

L f 0 h; L 2
f 0

h;

L f 0 L f 1 h; L f 0 L f 1 L f 0 h;

L f 0 L f 2 h; :::g:

(2.25)

If the Jacobian of O is full rank, then the system is fully observable. Although
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this analysis does not provide an expression for actually calculating these estimates,

by �nding the minimal set of O we can determine what types of controls and how

many levels of di�erentiation are required. Note that our assumptions of steady state

(constant) linear and angular acceleration simply imply that these derivatives must be

taken over su�ciently large periods of time such that transient e�ects can be ignored.

To calculate each of the required terms inO, we used Python's symbolic algebra

package SymPy (39). The number of terms in many of these expressions is too large

to print. We then determined the rank of the Jacobian numerically after substituting

unique values for each state.

2.3.1 Single antenna with negligible mass

To analyze the observability of our antenna system, we initially consider two scenarios

for the single antenna with negligible mass. First we consider the case where the

constants c1� 3 and k4 are known, perhaps due to some prior calibration (note that

k5� 6 are irrelevant in the negligible mass case). In this case, the system can be made

to be fully observable, but only if we include, at a minimum, all of the following
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terms,

O = f � d
1; �;

L f 0 � d
1;

L2
f 0

� d
1;

L f 0 L f 1 L f 0 � d
1;

L2
f 0

L f 1 L f 0 � d
1;

L f 0 L f 2 L f 0 � d
1;

L2
f 0

L f 2 L f 0 � d
1;

L f 0 L f 3 � d
1;

L2
f 0

L f 3 � d
1

c1; c2; c3; k4g:

(2.26)

What do each of these terms imply in terms of measurement and control requirements

for the system to be fully observable?

In addition to the constants and the strain measurement� d
1, the angle of the

antenna relative to the direction of motion (� ), must be known. This suggests that

some internal representation of heading in global coordinates is required so that the

antenna angle can be compared to that heading. An insect, or drone, could measure

� by comparing the the angle of ventral optic �ow relative to the body orientation,

and compare that with an internal measurement of the angle of the antenna relative

to the body.

The presence of theL f 0 L f 1� 2 L f 0 � d
1 terms imply that both body rotations, and

rotations of the antenna relative to the body, are required. SinceL f 0 L f 1� 2 L f 0 � d
1 is

required, rather than L f 0 L f 1� 2 � d
1, we can conclude that what is important is changes

in � and � rather than _� and _� . We also veri�ed that this is the case by allowing for
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direct control of � and � , which indeed allows us to replace theL f 0 L f 1� 2 L f 0 � d
1 terms

with L f 0 L f 1� 2 � d
1. The presence of theL f 0 L f 3 � d

1 term implies that changes in velocity

are also required. Finally, the presence of fourL2 terms indicates at at least four

second order derivatives of indirect measurements are required. If any of these terms

are missing, the system is no longer observable.

The observability analysis only tells us that it is theoretically possible to estimate

the full state given maneuvers of this type. The analysis does not provide direction for

what these maneuvers should be, nor how di�cult it is to extract a full state estimate

from noisy measurements. However, we can gain some intuition by considering the

following control routine. Moving the antenna back and forth between two locations

of � e�ectively results in two distinct measurements, as if there were two antennae.

If the body is then rotated such that the strain is equal for two symmetric antenna

positions, then we can conclude that the body is moving upwind. Finally, by rotating

180°, without changing the ground velocity, and comparing the strain measurements

in this case to the upwind case, we can separate the wind created through motion from

the ambient wind. Note that keeping the ground velocity constant requires applying

some acceleration, because the ground velocity is the di�erence between the airspeed

and wind speed, hence the need for controllingV. Finally, estimating _V; •�; •� requires

taking additional derivatives.

The second single-antenna scenario we consider is one where the constantsc1� 3

and k4 are unknown, and must be calibrated through a self-calibration routine. In

this case, the system is only observable if we take into account four third order

derivatives. In practice, given noisy data, estimating a2nd derivative is di�cult

enough that estimating accurate3rd order derivatives is likely impossible. Thus,

although technically observable, in practice, we consider this case not to be observable.

The insights o�ered by this analysis are summarized in the �rst two rows of Table
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2.1.

2.3.2 Two antennae with negligible mass

Now we consider the advantages of two antennae over a single one, and again we

consider two scenarios: calibrated, and uncalibrated. For the calibrated negligible

mass 2-antennae case, the minimal observability Lie algebra is as follows,

O = f � d
1; � d

2; �;

L f 0 [� d
1; � d

2];

L2
f 0

[� d
1; � d

2];

L f 0 L f 1 L f 0 [� d
1; � d

2];

L f 0 L f 3 [� d
1; � d

2];

c1; c2; c3; k4g:

(2.27)

Adding a second antenna therefore eliminates the need to move the antenna relative

to the body, as expected (note howf 2 does not appear inO). Furthermore, since

there are only twoL2 terms, only two second derivatives are required, which would

likely translate to less noise in the estimates.

Next we ask whether the two-antenna system could be automatically calibrated

simply through performing controlled movements. In this case, contrary to the single

antenna case, the system is fully observable without taking3rd order derivatives,

provided that the following terms are added toO for the calibrated case,

f L2
f 0

L f 1 L f 0 [� d
1; � d

2];

L f 0 L f 2 L f 0 [� d
1; � d

2]g:
(2.28)
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From these terms we can conclude that by considering the strain of both antennae,

and actively moving their location relative to the direction of motion, and also calcu-

lating two additional second derivatives, the system can automatically determine the

parameters that characterize its own bending.

2.3.3 Two antennae, accounting strain due to linear accelera-

tion

Now we consider a pair antennae with non-negligible mass such that the strain re-

sulting from air drag may be corrupted by changes in forward velocity. In this case,

we add the following term to our strain measurements,

� a
1 = k5sin(� ) _V;

� a
2 = k5sin(� � � ) _V;

(2.29)

wherek5 is de�ned by Eqn. 2.13. We can combine the two strain terms into a single

term, � 1 = � a
1 + � d

1. For the calibrated case, wherec1� 3 and k4� 5 are known, no new

terms are needed compared to the negligible mass case,

O = f � 1; � 2; �;

L f 0 [� 1; � 2];

L2
f 0

[� 1; � 2];

L f 0 L f 1 L f 0 [� 1; � 2];

L f 0 L f 3 [� 1; � 2];

c1; c2; c3; k4; k5g:

(2.30)
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Can this pair of antenna be self-calibrated? Yes, in this case the following additional

terms are needed,

f L f 0 L f 2 L f 0 [� 1; � 2];

L2
f 0

L f 1 L f 0 [� 1; � 2]

L2
f 0

L f 3 L f 0 [� 1; � 2]g:

(2.31)

Thus, the additional strain caused by forward acceleration means an extra second

derivative must be calculated compared to the negligible mass case.

2.3.4 Two antennae, accounting for strain due to linear and

rotational acceleration

Finally, we describe the case where strain due to rotational acceleration is also con-

sidered. Now our strain measurements are described by Eqn. 2.21, and the calibrated

case is no di�erent from the non-rotating case (with the exception of a new constant,

k6),

O = f � 1; � 2; �;

L f 0 [� 1; � 2];

L2
f 0

[� 1; � 2];

L f 0 L f 1 L f 0 [� 1; � 2];

L f 0 L f 3 [� 1; � 2];

c1; c2; c3; k4; k5; k6g:

(2.32)
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Num.
Ant.

Calibrated?
Strain
from
drag

Strain
from

_v_v_v

Strain
from

•�•�•�
Observable? h(z)h(z)h(z)

Req.
control

of ���

Req.
control

of ���

Req.
control

of vvv

Num.
of

d2=(dt)2d2=(dt)2d2=(dt)2

1 X X � � Yes � 1, � X X X 4
1 � X � � No* � 1, � X X X 4
2 X X � � Yes � 1;2, � X � X 2
2 � X � � Yes � 1;2, � X X X 4
2 X X X � Yes � 1;2, � X � X 2
2 � X X � Yes � 1;2, � X X X 6
2 X X X X Yes � 1;2, � X � X 2
2 � X X X Yes � 1;2, � X X X 6

Table 2.1: Summary of observability analysis for 8 separate scenarios. In all except
the uncalibrated single-antenna case the system is fully observable, suggesting that
given just two strain measurements from the base of the antenna it is possible to
estimate wind speed and direction, independent of the knowledge of ground speed,
provided the proper observer can be found, and the necessary maneuvers are per-
formed. Furthermore, linear and angular accelerations and velocities can also be
determined from these strain measurements. Note that technically the uncalibrated
single-antenna case can be self calibrated, by incorporating three3rd order derivatives
of indirect measurements. Given the vagaries of real data, this seems su�ciently chal-
lenging that we consider this case to not be fully observable. Abbreviations: Num.
Ant. = Number of Antennae; Req. = Required; Num. ofd2=(dt)2d2=(dt)2d2=(dt)2 = number of
second derivatives required
.

Can this system be self-calibrated? Indeed it can, with the addition of the following

terms,

f L f 0 L f 2 L f 0 [� 1; � 2];

L2
f 0

L f 1 L f 0 [� 1; � 2]

L2
f 0

L f 3 L f 0 [� 1; � 2]g:

(2.33)

Thus, taking into account strain due to the inertial e�ects of rotational acceleration

does not change the observability of the system compared to the linear acceleration

case. Table 2.1 summarizes the results from all 8 scenarios we considered.
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2.4 Numerical Exploration of Antenna Geometry

Although our observability analysis suggests that it is theoretically possible to extract

a full state estimate from strain measurements made at the base of the antennae, in

practice this will be quite challenging due to sensor noise and vibrations. In this

section we use numerical simulations to explore how the geometry of an engineered

antennae in�uences the ability of a strain gauge to measure de�ections resulting

from apparent wind, linear acceleration, and rotational acceleration. In particular we

analyze how the length and thickness of the cantilever, and width and mass of the

paddle, e�ect the natural frequency and strain.

In our initial attempts at constructing a physical antenna to estimate wind speed,

we found that vibrations resulting from �uid-structure interactions limited the an-

tenna's signal to noise ratio. One potential source of these vibrations is from vortices

shed by the antenna's paddle. When a �uid �ows across a plate it can induce vortex

shedding (40). These vortices occur at a frequency known as the shedding frequency,

which is dependent on the non dimensional Strouhal number, Reynolds number, the

speed of the �uid, and the characteristic length of the plate. To reduce the magni-

tude of these vortex induced vibrations, we suggest that the natural frequency of the

antenna should be an order of magnitude larger, or smaller, to avoid resonance. For

our analysis we assume the �uid speed is �xed at 2 m/s, a reasonable airspeed for a

plume tracking insect or drone. In our model, the characteristic length of the plate

refers to the width of the paddle section of the antenna. The shedding frequency for

a �at plate can be calculated as,

f v = St(
Uo

L x
); (2.34)

where U0 is the �uid velocity, L x the characteristic length, andSt is the Strouhal
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number, which is a function of the Reynolds number:

St = :198(1�
19:7
Re

): (2.35)

For a constant �uid velocity of 2 m/s, we considered three di�erent paddle widths,

1 cm, 3 cm, and 5 cm, which have shedding frequencies of 38.88, 13.12,and 7.89 Hz,

respectively.

To avoid amplifying the vibrations caused by these vortices, we now consider how

the geometry of the antenna in�uences its natural frequency, which can be calculated

using Eqn. 2.8. The primary factors e�ecting the natural frequency are the beam

thickness, length, Young's Modulus, and mass (i.e. density). Figure 2.4 shows how

the natural frequency changes with thickness and length for three paddle widths, and

two material types (assuming both the beam is constructed out of either material but

the paddle is always constructed out of the denser material). We can now apply our

constraint that the resonant frequency be at least 10 times larger, or smaller than the

shedding frequency. The middle white lines in Figure 2.4 shows the contour where

the natural frequency matches the vortex shedding frequency. The space above the

top left green contour indicates where the antenna has a natural frequency that is

less than one-tenth of the shedding frequency. Antennae designed around and above

this contour are considered ��oppy� and will have a low sti�ness. The bottom right

red contour (not visible in all plots) indicates where the antenna will have a natural

frequency that is ten times greater than the shedding frequency. Antennae designed

around and below this contour are considered �rigid� and have a high sti�ness.

Requiring that the natural frequency of the antenna is either much greater, or

much smaller, than the vortex shedding frequency divides the design space into two

distinct regions: longer and �oppier antennae, or shorter and sti�er antennae. For

an insect, or insect-sized MAV, the maximum length of the antennae may also be a
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limiting factor. In this case, rather than use a sti� and long material, a slightly shorter

but �oppy antenna that avoids the shedding frequency can be designed by using a

material with a low Young's modulus, e.g. plastic (1 GPA) rather than steel (200

GPA). Finally, increasing the width of the paddle (and thus the tip mass) requires

designing either a longer �oppy antenna, or allows the design of a slightly longer sti�

antennae. In summary, when designing a short antenna with a natural frequency

that avoids the vortex shedding frequency our analysis suggests two options: either

a very short but sti� antenna made using a material with a high Young's modulus,

or a longer and thin antenna made from a material with a low Young's modulus.

(a) Steel, 1cm wide paddle (b) Steel, 3cm wide paddle (c) Steel, 5cm wide paddle

(d) Plastic, 1cm wide pad-
dle

(e) Plastic, 3cm wide pad-
dle

(f) Plastic, 5cm wide pad-
dle

Figure 2.4: The top row shows the natural frequency (log scale) across a range of
antenna length and thickness, for a steel antenna with three paddle sizes: 1, 3, and
5 cm, from left to right. The bottom row shows results for PET plastic. The natural
frequency was calculated according to Eqn. 2.8. The kinks in the contours are
numerical artifacts resulting from our choice of resolution.

An additional design speci�cation that needs to be considered is the ability to

measure de�ection due to strain induced by the wind. This will be in�uenced by
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both the geometry of the antenna and the gauge factor of the strain gauges used. A

typical metallic strain gauge has a gauge factor of 2, and cannot measure very small

de�ections. While a semiconductor strain gauge can have a gauge factor two orders of

magnitude larger, i.e. 100 times more sensitive. Semiconductor gauges, however, are

more expensive and harder to work with due to their sensitivity and scale. Figure 2.5

shows contour maps of how the antenna geometry in�uences the maximum strain at

the base of the antenna induced by the wind for antennae with three paddle widths

made of either steel or plastic. These results indicate that a long and skinny beam

would provide the largest wind induced strain. This matches intuition because a

longer beam would provide a long moment arm about the base of the antenna, and

the thinner beams will bend more easily. Comparing the three antenna widths it can

be seen that the larger paddle will produce a larger strain, thanks to the increased

drag force. Comparing between the two materials, the plastic which has a lower

modulus of elasticity experiences a larger strain. Combining these results with our

natural frequency constraint suggests that the long and �oppy antenna would result

in higher strains, and thus be easier to measure. However, if a su�ciently sensitive

strain gauge is used, the short and sti� antennae may remain an option.
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(a) Steel, 1cm wide paddle (b) Steel, 3cm wide paddle (c) Steel, 5cm wide paddle

(d) Plastic, 1cm wide pad-
dle

(e) Plastic, 3cm wide pad-
dle

(f) Plastic, 5cm wide pad-
dle

Figure 2.5: The top row shows the induced wind strain divided by the wind speed
(2 m/s) for a range of antenna lengths and thicknesses, for the same materials and
paddle widths shown in Fig. 2.4. To calculate strain, we used Eqn. 2.4. As the
surface area of the paddle increases (panels on the right) so does the drag force and
maximum strain. As the modulus of elasticity of the material decreases (bottom row)
the maximum strain increases.

The �nal two considerations are how the strain at the base of the antennae will

respond to linear and rotational accelerations about the base, shown in Figures 2.6

and 2.7, respectively. As in our previous analyses, we again consider the in�uence

of paddle width and material. As with de�ections caused by the wind, longer and

�oppier antennae will respond with greater strain to both linear and rotational accel-

erations. This presents a tradeo�: if an insect or MAV intends to use the antennae

for estimating linear and rotational accelerations, then longer and �oppier antennae

would provide a more accurate estimate. However, this may make estimating the

wind speed and direction more di�cult, as strain resulting from the apparent wind

could become overwhelmed by transient dynamics of the base. In either case, it
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