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Abstract

A flapping wing micro aerial vehicle (MAV) is a small unmanned vehicle inspired
by insects and or birds. These have become a trending area of research and devel-
opment within the MAV community due to their potential of unprecedented flight
capabilities. Most notable of such capabilities being the e [cieht hovering, quick
change of direction and tiny weight and size associated with flying insects. How-
ever, the design imposes mechanical challenges due to its size and the dynamics of
the flapping wing design. Here we show that by incorporating a systems design ap-
proach the number of promising designs of a MAV propulsion system can be limited,
and a general direction of further improvement can be found. Tests showed that
maximum power for medium to large sized, fruit fly inspired, wings on the insec-
toid propulsion system were achieved with a soft spring and lower frequency, while
smaller wings produced most power when coupled with a stiled spring and higher
frequency. Our result show how a complex multi-discipline problem can be broken
down into smaller parts and solved separately while still improving the system as
a whole. Using this method the weight of the body of the original prototype was
decrease by 84.5% to 3.72g and the wing’s weight was decreased by 48% to 1.32g.
Further the generated thrust from the propulsion system was increased to 1.39g
under continuous operation at 10V and reaching 4.03 g of thrust under temporary
operation at 30V. We anticipate the findings in this report will act as a start-
ing point for further improvements of the design of flapping wing MAV propulsion
systems.

Keywords: micro areal vehicle, flapping wing, insectoid, drone, Voice coil actuator,
propulsion system.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:

ABS
CAD
DC
FDM
fps
MAV
PCB
PLA
PTFE
PVA
PWM
SLA
STL
TPU
UART
VCA

Acrylonitrile Butadiene Styrene
Computer Aided Design

Direct Current

Fused Deposition Modelling
Frames per second

Micro Aerial Vehicle

Printed Circuit Board
Polylactic acid
Polytetrafluoreten

Polyvinyl alcohol

Pulse Width Modulation
Stereolithography

Standard Tessellation Language
Thermoplastic polyurethane
Universal Asynchronous Receiver/ Transmitter
Voice Coil Actuator






Below is the nomenclature of variables utilised throughout this thesis.

Variables

Nomenclature

Force (N)

Flux density (T)

Current (A)

Wingbeat frequency (Hz)

Wing position-angle (*)

Angle of attack (°)

Stroke amplitude (%)

Pulse width modulation frequency (Hz)
Pulse width modulation resolution (bits)

Xi
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Introduction

1.1 Background

Nobody who has swatted a vy, trod through a cloud of midges, or been bitten by
a mosquito has failed to be impressed, and possibly infuriated, by the extraordi-
nary capabilities of ying insects: their manoeuvrability, endurance, and tiny scale.
Being able to replicate these capabilities in an insectoid micro-air-vehicle (MAV)
would represent a signi cant advance in the capabilities of MAV systems. However,
designing insectoid MAVs is a complex task: conventional motors and transmissions
are not well-suited for generating the complex oscillating wingbeat patterns required
for insectoid propulsion. Instead, signi cant mechanical and systems design e ort
is required in order to develop dedicated oscillatory drivetrains for these propulsion
systems.[1] An example of an existing MAV is the RoboBee from Harvard Univer-
sity, designed in 2009 [2]. The RoboBee mimics the ight of ies and is only as
big as a quarter. Its body is integrated with an actuator that generates movement
for a rigid pair of wings to y. The entire assembly is a compliant design aimed at
minimising rigid hinges and reducing weight.

What makes the development of an insectoid MAV especially interesting is the
potential to create lighter and smaller drones while maintaining performance at
the same level. Another reason to develop an insectoid MAV is its capability to
quickly change direction and hover. This project is based on an existing insectoid
propulsion system prototype, which will serve as the foundational concept to be im-
proved or renewed. The initial design of the insectoid propulsion system originated
from an earlier project conducted by two amanuensis students at Chalmers, who
independently developed the wing design and actuator assembly. This provided a
foundational model for the project, albeit one that was somewhat cumbersome and
ine cient. However, it served as an excellent starting point. The initial prototype
features a body with a compliant design, employing no rigid joints for movement,
instead, the exion of the material generates movement between joints. The wing
design for the initial insectoid propulsion system is biomimetic, drawing inspiration
from a fruit y. Previous un nished iterations of the wings included a swooping
design, resembling a sail to catch a vortex and generate lift, while other designs
featured solid wings utilising a hinge to sweep and change direction, similar to the
current design of the insectoid propulsion system.
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1.2 Purpose

The project aims to enhance an initial prototype of an insectoid micro-air-vehicle
propulsion system from a previous project, as depicted in Figure 1.1, with the objec-
tive to increase lift. To take the prototype closer to take o, a higher lift-to-weight
ratio is required while maintaining reliability at a level su cient for benchmarking.
The result of this projects will manifest in the form of a new prototype with improved
weight optimisation, mechanical durability, wing design and wing movement.

Figure 1.1: The initial prototype of the insectoid propulsion system.

1.3 Problem

The wings and actuator components of the initial propulsion system prototype were
developed separately and had not been operated together previously, thus not gen-
erating any lift. Therefore there is a need for integration studies of said propulsion
system prototype. Subsequently the problem at hand is to increase the lift by in-
tegrating the di erent subsystem as well as improving the lift-to-weight ratio. The
lift-to-weight ratio is a problem of optimising the weight while keeping structural
integrity and increasing lift without increasing the weight and size. To achieve this,
improvements on the following parts is necessary:

A) The control electronics  includes a pulse-width modulation (PWM) generator,
a motor driver and a voice coil actuator (VCA). The drive electronics is an optimi-
sation problem where nding the optimal signal shape and type as well as properly
specifying the requirements of the voice coil actuator is critical.



1. Introduction

B) The transmission mechanism includes a 3D-printed mechanism translating
the VCAs linear actuation into wing beat oscillation, and a passive wing twist hinge
based around micro roller bearings. The transmissions mechanism is a part of the
system that need to be reevaluated to increase the stroke amplitude (see 2.1.5). The
choice of material is an important design aspect that can be optimised to ensure
structural integrity while reducing weight and size.

C) The wings is desired to be lightweight to accomplish lift and stability. The
challenge in the design of the wings lies in nding the optimal wing shape and size
while choosing a material that is light and has the optimal rigidity.

1.4 Project boundaries

The project will be limited to working on improvements regarding weight, translating
linear movement to the complex oscillating wing movement, durability, electronics
and software improvements. The project is set to be completed in one semester,
which limits the time for testing and development. The project will adjust to the
time period to complete all the set tasks on deadline. The construction of the insec-
toid propulsion system will be manufactured at makerspaces and labs at Chalmers
University, primarily Chalmers FUSE, CASE Lab and 3Dteamet's workshop. The
labs availability of tools and processes will a ect the quality of the propulsion sys-
tem which could decrease the quality compared to the goal. The construction is
not planned to use any simulations to evaluate the ow dynamics of the propulsion
system because of the limited time period of the project. The propulsion system will
not have any onboard control systems to control the ight of the propulsion system.
The control system will be o board when testing and only the mechanical parts
of the propulsion system will be bench-marked. Further more the project will be
limited by only using the Thorlabs VC125/M VCA [3] to facilitate ongoing research
regarding the drivetrain.

1.5 Ethical considerations

The development of an insectoid MAV propulsion system does in itself not cause any
direct harm or bene t. However, a insectoid MAV may be used in ways that could
cause harm. It could be used to infringe on the privacy of citizens if equipped with

a microphone or camera. The MAV could also be used to transport illicit objects.
However these problems are shared by all unmanned air vehicles and as such, can
not be attributed to the insectoid propulsion system. Therefore, our ndings won't
cause any harm already done by existing technology.



1. Introduction




2

Theory

2.1 Mechanical principles of insectoid ight

The theory and mechanics of insect ight and insectoid MAVs is a complex and
diverse eld, crossing into multiple disciplines. The following section will however
provide some necessary basic and general understanding of the subjects.

2.1.1 Insectoid ight

First, we consider the biomechanical basis of insect ight. In humans, skeletal muscle
contraction is controlled by calcium ions stored in thesarcoplasmic reticulumwhich

is located inside the muscle cell [4]. The charge of the calcium ions enable rapid
deployment and, as a consequence, rapid contraction of skeletal muscles. However, a
limitation arises when the muscle subsequently is to be relaxed. To relax the muscle
the calcium ions has to be pumped back into thearcoplasmic reticulumagainst its
electrochemical gradient. This illustrates why skeletal muscles are not an ideal t for
the frequencies required to achieve insect ight. The muscles used by insects in ight
have di erent properties in order to provide both fast activation and de-activation of

the muscle. In insects, each muscle contraction does not require prior neuron ring,
and are therefore referenced to as asynchronous ight muscles [4]. Instead, the
muscle contraction and relaxation is controlled in a more mechanical fashion. When
the muscle is rapidly stretched, cross-bridges activate and the muscle generates
power, the subsequent rapid shortening of the muscles disables these connections
and the cycle repeats. This enables the wings to be apped at a higher frequency
than what skeletal muscles are able to accomplish.

2.1.2 Compliant and Rigid Mechanisms

In order to transmit the linear driving motion to the apping wings, a transmission
mechanism is needed. The transmission can either be compliant or non-compliant,
also called rigid. A good explanation of compliant mechanisms comes from Larry L.
Howell in 21st century kinematics: "Compliant mechanisms gain their motion from
the de ection of elastic members. ... Because compliant mechanisms gain their
motion from the constrained bending of exible parts, they can achieve complex
motion from simple topologies."[5] while the traditional (rigid) mechanisms instead
use "rigid parts connected at articulating joints (such as hinges, axles, or bearings),
which usually requires assembly of components and results in friction at the con-
necting surfaces."[5] Howell continues with a point that summarises the relevance

5
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of compliant mechanisms for development of insectoid propulsion systems, "Com-
pliant mechanisms also o er an opportunity to achieve complex motions within the
limitations of micro- and nano-fabrication. Nature provides an example of how to
e ectively create controlled motion. Most moving components in nature are exible
instead of sti , and the motion comes from bending the exible parts instead of rigid
parts connected with hinges (for example, consider hearts, elephant trunks, and bee
wings)" [5].

2.1.3 Spring loaded mechanism

Oscillating motion requires a signi cant amount of work in order to constantly ip

the direction of movement. This is because the reciprocating wing motion necessary
for apping wings can be, according to Hines et al. [6], "quite power intensive as
it is not only aerodynamic drag that must be overcome, but also the inertia of the
constantly oscillating wing and accompanying mechanisms. Insects such as fruit
ies drive their wings at mechanical resonance to combat this e ect". Therefore
resonance can be exploited in a mechanical system to generate large wing stroke
amplitudes and to avoid reactive losses to the inertia of apping wings [1]. In order
to achieve resonance for a system, a spring element can be introduced. In theory
for every combination of wings and linkage system its possible to tune the sti ness
of a spring elements until it resonates at the apping frequency. Insects utilise this
principle as seen in gure 2.1.

Figure 2.1: lllustration of the muscles contraction inside a fruit y. Notice the
outer shell working as spring when the muscles contract.[7]

2.1.4 Bistable mechanisms

Another way to minimise reaction losses and maximise power output is to make
use of bistable mechanisms. In " Clicking Compliant Mechanism for Flapping-
Wing Micro Aerial Vehicle" the authors Chin and Lau [8] explains the principle of
bistability and its advantages in wing clapping mechanism with a comparison to
Dipteras (two winged insects): "Diptera adopt a click mechanism, which involves
buckling of the exure joints, to induce a large wing stroke at high speed. The main
characteristic of “clicking' mechanism in Diptera is that there are two extremes
position of travel where the wing either sets at the top dead position or the bottom

6
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dead position. When the wing is moved just slightly from one extreme position, it
will recoil back to the same position upon release. However, when moved beyond the
midpoint of the two extreme positions, the wing would click to the other extreme
upon release” [8]. Chin and Lau further states that mathematical analysis by Tang
and Brennan in "On the dynamic behaviour of the click mechanism in dipteran
ight" [9] suggests that, the clicking mechanism is better than resonance e ect in
achieving a faster and large wing stroke and producing higher thrust give the same
input.

2.1.5 Kinematic parameters

The ight properties of any apping wing propulsion system depends on the com-
bination of a substantial amount of di erent parameters. A few such parameters,
those that will be taken into consideration in this project, are stroke amplitude,

angle of attack, wingbeat frequency, mass, inertia and natural frequency of both
swinging and bending bodies.

Stroke amplitude is the measurement of the wingbeat sweep given in degrees,
in this paper it is refered to as and de ned as the angle between the rearmost and
foremost position of the wings during apping as illustrated in gure 2.2. The plane
within which this angle is spanning is called stroke plane.

Figure 2.2: Example of stroke amplitude

Angle of attack is the angle at which the wing nominally sweeps through the
air measured as the angle between the plane of the wing and the stroke plane.

Wingbeat frequency describes the number of wingbeats. One wingbeat referring
to one forward and one backward swing of a wing, per second and is measured in
Hz.

Natural frequency refers to the frequency where resonance occurs and can be
desirable in regards to natural apping frequency and pitching of wings while being
undesirable in regards to for example exing of the wing.
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2.2 Electronics components

To drive the propulsion system, a row of electronic components are used to achieve
the desired driving motion and accompanying suitable drive signals. This can be
achieved in many ways, therefore the theory, functionality and usage of the elec-
tronics behind how it was achieved in this project will be described.

2.2.1 \Voice Coil Actuator

Voice coil actuators are one of the kinds of actuators that can be used as an "arti cial
muscle' to power insectoid ight, and that its the type of actuator this prototype
uses. Voice coil actuators are one of the simplest types of motor as they only consist
of two separate parts; a magnetic housing with a permanent magnetic core and a coill
[10]. It generates a linear force when current ows through the coil and the induced
magnetic eld interacts with the permanent magnetic eld [11]. Which means that
the VCA follows Lorentz' force equation 2.1.

F=B | (2.1)

Voice colil actuators also provide a linear motion which removes the need of a trans-
lation mechanism which in turn reduces the complexity of the system. Another
reason to study the use of VCA:s is that they provide almost constant force, with
small variations at the end points. [10] The VC125/M [3] VCA (see gure 2.3) used

in this project can provide a constant linear force at micrometer level at frequencies

up to 2kHz, while at millimeter level it's able to operate at30Hz (Thorlabs sup-

port, personal communication, March 2, 2024). The Thorlabs VC125/M [3] VCA is
designed for use cases where high precision and high speed or acceleration is needed
[12]. The force characteristics of the VCA is plotted in gure 2.4.

Figure 2.3: The
Thorlabs VC125/M
VCA used.
Figure 2.4: Thorlabs VC125/M force
characteristics graph [12]
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2.2.2 Pulse width modulation

To nely control the actuator, pulse width modulation (PWM) is utilised to vary the

e ective voltage of a constant source [13]. By rapidly switching the voltage source a
square wave will be generated which if integrated has a lower average voltage than
the source. Depending on the ratio of time switched on and o the e ective voltage
can be regulated betweef % and 100 %of the voltage source. A sine wave and it's
corresponding PWM wave is illustrated in gure 2.5.

Figure 2.5: A sine wave (orange) converted to a PWN signal (blue).

2.2.3 WEMOS LOLIN32

The WEMOS LOLIN32 (see gure 2.7) is a micro-controller based on the ESP32-
WROOM-32 module developed by Espressif [14]. For the scope of this project the
PWM capabilities of the controller is of relevance. The ESP32-WROOM-32 has a
built in PWM controller with eight high speed and eight low speed channels. With
the lower speed (LEDC clock) aBO MHz. From that information it can be calculated
that the clock needs to run at

fowm  27ESowm (2.2)

Hz at least, in order to represent the PWM wave. If the resulting frequency from
equation (2.2) < 80 MHz, the desired frequency and resolution can be used.
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