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Micro air vehicles (MAVs) are a special subset of unmanned air vehicles (UAVs) that 

warrant a significant level of scientific interest.  In general, MAVs are small, inexpensive and 

often expendable platforms, flown by remote pilot, or autopilot. Because they maybe flown by 

autonomous control or inexperienced pilots, they must have very reliable and benign flight 

characteristics built into their design.   

The University of Florida has developed a series of MAVs that adopt a flexible-wing 

concept, most notably featuring a carbon fiber structure and a thin extensible membrane skin.  

Because their design requirements mandate that they perform reliably in flight, careful thought 

and consideration must go into a MAV design.  Some of the design may come from intuition and 

experience, but it must ultimately be verified through quantitative testing.  In addition, the design 

process must be performed in a way that is accurate and repeatable. 

The purpose of my research was to develop an efficient and accurate methodology for 

designing, producing and reproducing MAVs.  My approach evolved into a rapid prototyping 

process of designing and manufacturing MAVs while still maintaining geometric accuracy and 

aerodynamic integrity.  The solution was the development of a software-based design tool, called 

MAVLAB, which incorporated specialized CAD design features, aerodynamic analysis tools and 
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rapid manufacturing through automated machining.  My thesis includes an overview of the 

University of Florida’s design procedure, an example case study and a users’ manual for 

MAVLAB. 
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CHAPTER 1 
INTRODUCTION 

Micro Air Vehicles at a Glance 

Micro air vehicles (MAVs), as defined by Defense Advanced Research Programs Agency 

(DARPA), are a subset of aircraft with a maximum wing span of 15 cm (about 6 inches) [1] 

(Figure 1-1) and a maximum flight speed no greater than 15 m/s [2].  This definition is important 

because it corresponds to a regime of aircraft operating in a low Reynolds number (Re) region, 

where aerodynamic behavior becomes more difficult to predict.  This type of aircraft is of 

particular interest to researchers in the scientific community as well as real world applications.  

Small aircraft of this size can be useful for several reasons.  They can be made relatively 

inexpensive, expendable, portable, and undetectable, which lend well to military and surveillance 

type applications.  Much of the scientific interest in designing such vehicles comes from the 

challenge of overcoming the loss of aerodynamic efficiency due to scale, as shown in Figure 1-2.  

Mircro Air Vehicles at the Research Level 

The challenges of designing an efficient, controllable MAV are what prompted the 

University of Florida’s involvement in MAV research.  In order to overcome some of these 

aerodynamic and technical challenges, the University of Florida developed a series of MAVs that 

incorporated a unique, thin, under-cambered, flexible wing design (Figure 1-3) [1,3-6].  Studies 

have shown that thin wings have a distinct advantage over thicker, volumetric wings at the low 

Reynolds numbers where MAVs typically operate [3,7-8].  In general, the wings of these 

vehicles are constructed of a carbon fiber skeleton and a thin flexible membrane, originally 

inspired by the structure of bat wings and wind-surfing sails.   



 

14 

The University of Florida has been taking an active role in the investigation of MAVs, 

researching and developing new MAV concepts for the past 9 years.  In that time, the university 

has come a long way in terms of development and testing procedure, while the main aircraft 

design philosophy has remained relatively the same.   

The basic philosophy of MAV research at the University of Florida initially evolved from 

a design-build-fly approach with the main objective of creating the smallest possible flying fixed 

wing aircraft.  This was spawned by research grants with this goal in mind, and further inspired 

by the creation of the International Micro Air Vehicle Competition.  Over time, and after much 

success, the University’s focus shifted away from the concept of producing the smallest flying 

aircraft in the MAV regime, but rather the smallest, mission-capable aircraft.  This was 

influenced mainly from the practical standpoint that many research funding institutions in this 

field were defense contractors that wanted MAVs and small UAVs that were useful and mission 

capable.  This meant that they needed to be capable of flying missions that required longer flight 

times, more payload capacity and maintained a greater degree of autonomy.  In order to perform 

these tasks, a greater understanding of flight dynamics was necessary.  Figure 1-4 depicts the 

relative trend in payload capacity for the MAV and small UAV scale. 

This need to better characterize and understand small aircraft benefited MAV research at 

the University of Florida.  Eventually, it lead to the much-needed replacement of an aging open-

circuit low speed wind tunnel with a new closed circuit low speed wind tunnel.  With this 

addition, better analysis could be performed on MAVs through quantitative loads measurements.  

In addition, a visual image correlation (VIC) system was purchased and used in conjunction with 

the wind-tunnel to measure in-flight deformation of the thin, flexible wings.  All together, these 
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advances in technology helped to better characterize and understand MAVs from quantitative 

testing.   

There was one part of the puzzle still missing.  While there was some understanding as to 

what a MAV design should look like, there was no official agreement on what guidelines the 

most efficient design should uphold.  This left researchers to build and test hundreds of designs 

and try to form a relationship between design parameters and aerodynamic performance. 

Motivation and Overview 

 Most of the University of Florida’s MAV designs have revolved around the same central 

design philosophy, with some variation on geometric design parameters, depending on the 

desired performance characteristics and design requirements.  However, even small changes to 

any given design can drastically enhance or degrade aerodynamic performance.  This is 

especially true at these small scales.  Further, any unintended deviation from the desired design 

geometry would introduce unwanted effects.  Thus a method of accurately designing, analyzing 

and manufacturing MAVs was necessary. 

In order to produce MAVs accurately, a process of forming composites over a machined 

mold was initially developed.  The construction of these molds can be described from the 

following process. The airframe was first modeled in a 3D computer aided design (CAD) 

program. The surface of the airframe was exported to computer aided machining (CAM) 

software.  The CAM software could then be used to generate a set of machine instructions for a 

computer numerically controlled (CNC) to interpret and automate the milling of a mold. The 

mold is then used in the production of the carbon fiber airframe structure.  Depending on the size 

and complexity of the airframe and the skill level of the designer, this process could take 

anywhere from days to weeks to transition from concept to working model.   
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Wind-tunnel and flight testing are the preferred choice when it comes to analysis of new 

MAV concepts and prototypes.  Work has also been done to experimentally quantify wing 

deformation using CFD [8], projection moiré interferometry [9- 10] and photogrammetry [11].  

None of these techniques were practical or possible before manufacturing.  An intermediate and 

iterative method was needed to analyze aerodynamics and aid in MAV design before production.  

In order to streamline the MAV design process, a parametric software design tool was 

developed. The idea was to have a simple interface that would allow a user to transform a "back 

of the napkin" design to a CAD model in a matter of minutes.  In addition the software would 

allow the user the ability to adjust a few design parameters which controlled the entire geometry.  

Further, the aforementioned “crude” comparative CFD approach could be implemented in 

parallel to obtain relative performance of each design parameter.  This approach was not created 

to produce the exact optimum aircraft design with the press of a button, but rather a design tool 

that would benefit an experienced MAV/aircraft designer.  The end result of this tool provided 

the user with a computer-simulated environment, called MAVLAB, in which the optimum MAV 

configuration could evolve.   
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Figure 1-1.  Typical composite airframe MAV developed at the University of Florida. 
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Figure 1-2.  Dependency of aircraft aerodynamic performance on scale, where performance is 

represented by maximum lift/drag and scale is represented by the non-dimensional 
quantity Re. 
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Figure 1-3.  Example of a thin, under-cambered, flexible membrane Micro Air Vehicle wing. 

 
 

 

Figure 1-4.  Relative scale and payload capacity of Micro Air Vehicles and Small Unmanned Air 
Vehicles. 
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CHAPTER 2 
LITERATURE REVIEW 

Micro Air Vehicle Design 

The history of MAV design is a relatively short one, as the definition of MAVs has only 

been around for just over a decade.  In 1996 DARPA announced the Micro Air Vehicle Program 

initiative, seeking to develop and test emerging technologies that could evolve into a mission 

capable flight system for military surveillance and reconnaissance applications. The only 

requirement was that the dimension of the vehicle should not exceed 15 cm. There were no other 

restrictions on the design [1].   

The DARPA initiative was what spurred the development of MAV designs in both 

industry and academia.  One of the first successful and practical MAVs was the Black Widow, 

developed by Aerovironment (Figure 2-1).  The design of the black widow was performed using 

a multi-disciplinary optimization (MDO) approach [12].  In this way, the aircraft subsystems 

such as propulsion, aerodynamics and airframe structure could be optimized to fit the design size 

requirement.  Aerovironment chose to use CAD modeling and a computer software environment 

to design and evolve the vehicle.  The results of Aerovironment’s analysis and design of the 

Black Widow MAV proved that a small, lightweight, mission capable, battery powered platform 

could be remotely operated up to 1.8 km away and sustain flight times of up to 30 minutes.  This 

impressive performance would later prove to inspire and influence future MAV work, including 

that at the University of Florida. 

Computation Fluid Dynamics 

There are several methods for performing computational analysis of aerodynamics, all of 

which try to model single phase fluid flow.  The most advanced method, commonly referred to 

as “full blown” CFD uses the Navier-Stokes equations to determine the behavior of a fluid over a 
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body.  Another approach is known as the panel method and attempts to solve linearized potential 

flow equations.  There is also another method that is similar to the panel method which is very 

easy to use and is capable of providing remarkable insight into wing aerodynamics and 

component interaction called the vortex lattice method (VLM).  It was among the earliest 

methods utilizing computers to actually assist aerodynamicists in estimating aircraft 

aerodynamics. Vortex lattice methods are based on solutions to Laplace’s Equation, and are 

subject to the same basic theoretical restrictions that apply to panel methods [13].  Today, there 

are dozens of free VLM software codes available for use in aerodynamic analysis, most notably, 

Richard Eppler’s Profil, and AVL, by Mark Drela and Harold Youngren.  Due to better 

availability and documentation, AVL was chosen as the core aerodynamics analysis tool for 

MAVLAB. 

Manufacturing and Rapid Prototyping 

Rapid Prototyping (RP) can be defined as a group of techniques used to quickly fabricate a 

scale model of a part or assembly using three-dimensional CAD data.  Fused Deposition 

Modeling (FDM), Stereolithography (SLA), Multi Jet Modeling (MJM), Electron Beam Melting 

(EBM), and 3D Printing (3DP) were all common examples of rapid prototyping techniques [14].  

While these methods of rapid prototyping were potentially viable processes for producing wing 

molds, CNC machining was chosen in stead for the purposes of this research.  CNC refers 

specifically to a computer "controller" that reads ASCII text file instructions and drives the 

machine tool, a powered mechanical device typically used to fabricate metal components by the 

selective removal of metal or other material.  CNC does numerically directed interpolation of a 

cutting tool in the work envelope of a machine.  The University of Florida used a basic 3-axis 

end mill with a radial cutting tool to machine 3D freeform surfaces out of polyurethane tooling 

board. 

http://en.wikipedia.org/wiki/Fused_Deposition_Modeling�
http://en.wikipedia.org/wiki/Fused_Deposition_Modeling�
http://en.wikipedia.org/wiki/Stereolithography�
http://en.wikipedia.org/w/index.php?title=Multi_Jet_Modeling&action=edit�
http://en.wikipedia.org/wiki/Electron_Beam_Melting�
http://en.wikipedia.org/wiki/Electron_Beam_Melting�
http://en.wikipedia.org/wiki/3D_Printing�
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Figure 2-1.  Black Widow Micro Air Vehicle developed by Aerovironment using multi-
disciplinary optimization. 
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CHAPTER 3 
DESIGN PROCESS 

MAVLAB 

The migration of an initial MAV design concept to a working model can be a complicated 

and time consuming procedure.  Before a MAV could be built and tested at the University of 

Florida, it was first created in a computer simulated environment.  Solid Works, Pro Engineer, 

and Autodesk Inventor were the three major computer aided design (CAD) software packages 

used by academia and industry at the time of this writing.  These software packages were all well 

documented and fully capable of creating parametric MAV designs.  However, they had some 

drawbacks.  They were expensive, bulky, and required a steep learning curve.  In addition, they 

were not specialized to the University of Florida’s approach of designing of aircraft.  In an 

attempt to increase productivity, aid design and reduce workload, a specialized Matlab®-based 

software design tool was developed, and named MAVLAB.  This program was specifically 

designed to translate basic, intuitive design parameters into a complex freeform airframe model. 

Figure. 3-1 depicts a typical wing geometry in MAVLAB.  In addition, MAVLAB could perform 

aerodynamic analysis via a CFD plug-in.  It also has the ability to export the geometry to other 

CAD software.  Ultimately, MAVLAB’s most powerful feature was the ease in which it aided in 

manufacturing. This process, called computer aided manufacturing (CAM) was what made the 

University of Florida successful in verifying MAV designs.  MAVLAB effortlessly converted 

wing geometry into a computer numerically controlled (CNC) machine instructions, called a tool 

path, used for automated machining and prototyping of molds.  These molds would then go on to 

be used in the fabrication of composite MAV wings. 

The concept behind the CAD portion of MAVLAB was to produce an intuitive parametric 

based model.  The 7 basic parameters used to control the geometry are self explanatory in nature, 
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and relate to specific geometric descriptions of a generalized wing, rather than ambiguous 

dimensions that have no direct relationship to aircraft dynamics.  These parameters are listed in 

Table 3-1 and are explained later in the chapter.   

Scalar-Based Design Parameters 

MAVLAB featured a simple GUI (Figure 3-1) designed to guide the user through the 

construction of a wing via simple, scalar valued, geometric parameters.  These parameters 

included wing span, root chord, span scale, dihedral angle, sweep angle and geometric twist 

angle, which were chosen because they had a direct correlation with wing aerodynamics.  

Additionally, there was one parameter included for aesthetics and structural reasons, called the 

leading edge reference. Each input could be changed by typing the value in a corresponding field 

causing a 3D view of the wing to regenerate instantaneously in a neighboring window.  

Additionally, parameters could be modified by clicking and dragging on an icon next to each 

parameter.  The user could then interact with the model by rotating and changing the viewpoint 

with the mouse (Figure 3-2) to verify the geometry from different angles, in real time. 

Wing span.  The wing span is a simple feature often used to describe the length of a wing.  

The wing span is measured from the left wing tip to the right wing tip in a straight line, and is 

commonly denoted by the character “b”.  For clarification, Figure 3-3 illustrates the wing span 

parameter on a generic wing however this definition also applies to MAV wings as well. 

Root chord.  In general, a chord refers to the length of an airfoil cross-section of a wing.  

This is the linear distance from the leading edge of the wing to the trailing edge (Figure 3-4).  

The root chord is the chord at the root of the wing; the point closest to the fuselage or middle of 

the wing span.  This parameter was used as a reference to scale the entire chord of the wing. 

Airfoil camber.  An airfoil is the cross section of the wing, whose shape is so important to 

aerodynamics that it alone is often a good indicator of wing performance (Figure 3-5).  In 
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general, airfoils are composed of a top and a bottom curve, creating a closed region.  The mean 

of those two curves is called the camber line.  The distance between the top and bottom curves is 

called the thickness distribution.  The thin airfoils, characteristic of the University of Florida’s 

MAV wings were a simplification of this definition, with a thickness distribution of zero.  It was 

found that at the MAV scale, aerodynamics could benefit from thinner airfoils, and thus 

MAVLAB was designed around this philosophy.  The parameter that controls airfoil camber is 

called “max camber”, or simply “camber”, and is the ratio between the maximum value of 

camber and the length of the airfoil chord.  This was beneficial to the user because it allowed 

modification to the current airfoil coordinates selected for the wing. 

Span scale.  The span scale refers to a modifier parameter for the span shape, mentioned 

later in the vectorized parameter section.  The span scale allows the user to increase or decrease 

the magnitude of the span shape by a scale factor, usually between 0 and 1.  Negative numbers 

inverted the span shape. 

Dihedral angle.  In geometry, the dihedral angle is defined as the angle between the 

intersection of two planar surfaces.  For aircraft, this is commonly seen as the angle between the 

horizontal (ground) and the wing.  The dihedral of a wing is a specific form of span shape, and is 

defined separately in MAVLAB because it is so commonly used.  Figure 3-6 illustrates the 

dihedral angle parameter. 

Sweep angle.  Wing sweep is another common geometric feature found in aircraft wings, 

shown in figure 3-7.  It is defined as the angle between the ¼ chord line and the line 

perpendicular to the chord.  The aerodynamic significance of wing sweep can provide both the 

same effect as the dihedral angle, while moving the aerodynamic center (AC) further aft.  This is 
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useful for flying wings and MAVs, where lack of volume renders it difficult to get the center of 

gravity (CG) in front of the AC for stability. 

Twist angle.  The geometric twist angle (shown in figure 3-8) is the span-wise change in 

airfoil angle of incidence, usually measured in degrees with respect to the root airfoil.  This is the 

parameter that can be controlled in MAVLAB and differs from aerodynamic twist, which can 

provide the same results by a span-wise change in airfoil shape.  Most aircraft have several 

degrees of twist in the wing to prevent stall from occurring all at once.  This is generally called 

washout and refers to a negative twist angle.  In MAVLAB, the direction of the twist angle is 

reversed. 

Leading edge reference.  The leading edge reference or “edge ref” is a parameter that 

differs from all the rest, in that it is not closely coupled with aerodynamic performance.  When a 

wing of arbitrary shape is generated in MAVLAB, an unintended artifact can occur.  The span-

wise shape of the wing will be partially a function of the planform, due to scaling of the airfoil 

along the span.  This may or may not cause the wing to look funny, and may make the wing 

difficult to mount to a fuselage or perform other structural duties.  To alleviate this, the logical 

parameter “edge ref” was introduced to allow the user to select between a leading edge reference 

for the airfoil position, or a maximum camber reference.  The latter of the two often produces a 

much more aesthetically pleasing wing shape, and is consequently used most often. 

Vector-Based Design Parameters 

In addition to the basic MAVLAB parameters there were 3 wing parameters that were a 

little more difficult to define, but equally as important.  They included the planform shape, 

airfoil, and, span-wise shape.  Each of these parameters corresponded to the top, side and front 

view of the wing, respectively, and were dependent on the aforementioned scalar parameters.  
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These parameters are referred to as vector-based (or vectorized) due to the fact that they needed 

to be defined by a data set, rather than a single parameter. 

Planform.  The planform is the birds-eye-view, or top projection of the wing onto a flat 

surface.  This shape is closely tied to aerodynamic efficiency and over-all lift. Figure 3-3 

illustrates the planform of a generalized airplane wing.  While early releases of MAVLAB 

defined the planform as a function of scalar based parameters, a more general method of 

producing planform shapes was more desirable.  The most common planform shapes are the 

tapered wing and elliptical wing, the former of which is seen in most commercial aircraft.  This 

is because a tapered wing can be constructed in such a way that it is almost as aerodynamically 

efficient as an elliptical wing, but lighter and more cost-effective.  MAVLAB initially was 

developed with these two shapes in mind, and consequently only let the user select between the 

two, with variations of the taper ratio, and ellipse ratio.  The ellipse ratio simply described a 

more general elliptical shape composed of two ellipses commonly joined at their major axis, but 

having different semi-minor axes.  This ratio of semi-minor axes was called the ellipse ratio.   

As MAVLAB developed it was clear that cost and weight restrictions were not a concern 

in the composite construction used to make MAVs, and therefore more complicated planform 

shapes could be explored.  In MAVLAB the planform could be defined as any closed polygon 

imaginable.  This could be achieved in several ways.  The planform could be input from an 

ASCII text file, similar to common airfoil coordinate files.  Alternatively, the planform could be 

interactively drawn and manipulated using an interpolating spline. 

Airfoil.  As mentioned earlier, the airfoil is the single most critical part of a wing.  The 

airfoil shape largely governs the lift, drag and pitching moment of the aircraft [15].  Thus, the 

selection and design of an airfoil is often critical.  The original airfoil for the University of 
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Florida MAV concept was designed under the following constraints.  It had to be a thin airfoil 

with a neutral (i.e. zero) pitching moment.  In order to produce this, a genetic optimization was 

performed using a well known panel method viscous airfoil analysis software called XFOIL 

(developed by the creator of AVL, Mark Drela).  Since the airfoil was thin, it could be described 

by a polynomial of order 6, and the coefficients of the polynomial were used as the variables for 

optimization.  The results of this analysis were what inspired the use of the thin, reflexed airfoil 

largely used in MAV designs at the University of Florida.  Figure 3-5 depicts a more general 

thick airfoil, but the camber line in the illustration is more representative of what a thin airfoil 

would look like. 

MAVLAB offers the capability to fully define thin airfoils for a given wing design.  This 

could be performed in one of two ways.  First, the user had the ability to read in normalized 

airfoil coordinates from an ASCII text file, which described the airfoil geometry as a discritized 

set of x and y data points (tab or space delimited) from leading to trailing edge.  Second, the user 

could create a custom airfoil using an interactive interpolating spline curve.  In addition, the 

custom airfoil could be expressed as a function of the chord position in the range of 0-1.  Only 

one airfoil had to be defined for a given wing, but there could potentially be an unlimited number 

of airfoils.  Each airfoil was assigned a normalized span-wise position from 0 (the root) to 1 (the 

wing tip).  MAVLAB automatically and smoothly interpolated between each airfoil section to 

create a smooth continuous wing surface. 

Span shape.  The span shape is a generalization of the dihedral of a wing.  It basically 

refers to the shape of the span-wise shape of the wing from the front view, as seen in Figure 3-6.  

Like the planform, the span shape could potentially take any form.  It was defined by a set of 

data points describing the overall vertical displacement of the wing as a function of span.  This 
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could be done by either importing a text file of coordinates or drawing one half of the symmetric 

span shape with an interpolating cubic spline.  Additionally, the shape of the span could be 

defined as a explicit function on the range of 0 to 1, where 0 corresponded to the root and 1 

corresponded to the wing tip.  

Aerodynamic Analysis 

In addition to providing the user with an efficient geometrical design interface, MAVLAB 

also provides the capability to perform aerodynamic analysis.  MAVLAB can export geometry 

data to an extended vortex lattice CFD software called AVL.  Created by Mark Drela, AVL 

(Athena Vortex Lattice Model) was intended for rapid aircraft configuration analysis and could 

compute aerodynamic metrics such as lift and drag coefficients as well as stability derivatives.  It 

also had the capability to model slender bodies, as well as performing trim flight calculations and 

eigenmode analysis.  While the vortex lattice method of solving for the fluid flow of a surface 

has limitations, it gave reasonable lift and stability data as well as a relative trend in 

performance. 

Computer Numerically Controlled Machining 

MAVLAB has the capability to export tool path files to a CNC milling machine. The 

advantage of this feature is the ability to mill wing molds that were exact representations of the 

CAD designs created in MAVLAB, reducing the likelihood of geometrical asymmetries in the 

airframe. Figure 3-9 depicts a wing mold being machined on a CNC milling machine. 

The molds were machined from high density tooling board.  This material was chosen 

because it was a tough, high-density polyurethane product intended for use in models, 

prototypes, mold-tooling, and in composite mold applications where a uniform, grain-free, 

dimensionally stable substrate is desired.  In addition, it was designed to withstand the high 

temperatures needed for composite curing and could be machined similar to aluminum.  
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However, the advantage over other materials such as aluminum was that the tooling board could 

be machined at much higher feed rates, increasing material removal rate and reducing production 

time. This advantage allowed the machined wing molds to be produced in as little as 25 minutes 

on a standard 3-axis CNC end mill at a feed-rate of 45 inch/min.  This time was dependent on the 

size of the wing mold, but could potentially be dramatically improved if high-speed machining 

was implemented.  At speeds of 600 inches/min and up, the machine time could be reduced by 

an order of magnitude. 

After machining, the wing molds were not perfectly smooth due to the cusps created by the 

scalloping of the ball end-mill (Figure 3-10).  It was important that the wing mold be smooth, so 

the remaining material from the scalloping had to be sanded away by hand.  To assure that the 

remaining material was removed evenly, a light trace coat of black spray paint was applied to the 

mold surface before sanding. Then, a high-grit sand paper was applied to the surface until all 

painted regions were gone.  An example of a completed wing mold is shown in Figure 3-11. 

The scallop height is a physical parameter which directly affects the surface finish of the 

part.  Mathematically, it is the maximum height of the ridges produced by the ball end-mill (see 

Figure 3-12).  The following equation relates the scallop height (hscallop) to the step-over distance 

(xstepover) and diameter of the tool (Dtool).   

( ) ( )221
2scallop tool tool stepoverh D D x⎛ ⎞= − −⎜ ⎟
⎝ ⎠

    3-1 

Step-over is the normal distance between adjacent paths of the tool. 

In order to create a tool path, from the wing geometry, the surface had to be able to be 

finely meshed according to the desired scallop height and direction of cut. The surface normals at 

each of the grid points were calculated and scaled to the radius of the tool.  Each normal is 
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placed at its corresponding grid point.  The order in which these points were arranged determined 

the toolpath. 

Depending on the geometry, it could be necessary for the toolpath to follow various 

patterns.  MAVLAB’s options for tool path patterns included a zigzag (chord-wise/span-wise) 

and spiral path.  In addition to creating the toolpath, MAVLAB also overlayed the toolpath 

pattern over the wing surface and drew a box around the wing to signify the tool containment 

boundary.  The length, width, and height of this box are also returned for reference.  Finally, in 

order to verify that the toolpath was exactly what the user wanted, MAVLAB gave the user the 

opportunity to visualize a simulated machining process, called “toolpath verification”. 

Composite Construction 

The typical fabrication of a MAV revolved around the use of composite materials within 

the wing and fuselage structure, including carbon fiber and Kevlar®.  The following documents 

the custom fabrication process developed by the University of Florida [16-21].  The choice of 

composite materials was influenced by their material properties.  The primary composite utilized 

was carbon fiber and thermoset epoxy in a pre-impregnated form which demonstrated an 

inherently high strength to weight ratio, which was ideal for aircraft structures.  This allowed the 

possibility of creating a light weight wing with a thin airfoil while still being able to sustain 

aerodynamic loading.  The carbon fiber cloth used in construction was a 0/90° plain weave, 

176.3 g/m2, 3000 fiber/yarn pre-impregnated fabric. In addition, pre-impregnated unidirectional 

carbon fiber is also used.  Despite the high strength of the carbon fiber, 17 g/m2 Kevlar® cloth 

reinforcement was sparingly used to prevent crack propagation (brittle failure) in the 0/90° 

weave cloth on the wing leading edge.  Kevlar®, while not nearly as strong as carbon fiber, was 

extremely resistant to shear stresses.  Thus, Kevlar® was concentrated around regions 

susceptible to high impact loads, such as the leading edge of the wing. 
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The wing of the MAV was the most important airframe component with respect to flight 

performance, requiring a great deal of care to be taken in its fabrication alone.  No viable 

automated process was available to lay up the wings, so development of a new procedure for 

composite construction of the airframe was necessary.  In addition, the University of Florida has 

developed several different wing fabrication techniques.  This section will outline the fabrication 

process of a batten reinforced, flexible membrane wing and a rigid composite wing (both shown 

in Figure 3-13).  In addition, this section will also cover the procedure of fabricating a composite 

fuselage. 

Flexible Wing Fabrication 

More complex than a solid composite layup, flexible wing designs first required a detailed 

layup diagram to be printed on the tool.  This was often drafted in a computer drawing program 

and then printed to paper.  The paper was then overlaid on the mold and traced out with a marker 

(Figure 3-14).  

Teflon® release film was then adhered to the wing tool using Elmer’s spray glue.  The tool 

was, first, lightly coated with spray glue, and then Teflon® release film was delicately applied to 

the surface (Figure 3-15) by tacking it down at one corner and then spreading the entire sheet 

into the contours of the wing surface.  Care was taken to prevent wrinkles from forming, as this 

would adversely affect the final surface finish. 

The leading 20% of the wing was constructed of a single layer of 0/90° cloth oriented at a 

45 degree angle with respect to the chord line.  A pattern was generally used to cut out a piece of 

carbon fiber to the proper shape (Figure 3-16).  The resulting patch of carbon fiber was aligned 

with the pattern on the tool.  The 0/90° cloth was then reinforced by a single additional layer 

made of Kevlar® cloth (Figure 3-15).  
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Two millimeter wide strips of unidirectional carbon fiber were cut from a sheet of pre-

impregnated material using a custom built carbon strip-cutting tool (Figure 3-17).  The portion of 

the wing that attached to the fuselage was made by carefully aligning layers of unidirectional 

carbon fiber strips with the pattern drawn on the tool (Figures 3-18,19). The unidirectional 

carbon fiber was layered for strength and rigidity and was interwoven at intersections to create 

stronger mechanical joints. Elevator control surface hinges were created by interweaving a single 

layer of Tyvek material into the gaps between the control surface and frame. 

Rigid Wing Fabrication 

Though the University of Florida was known for the development of the flexible 

membrane wing, it also developed a bendable rigid wing.  While the rigid wing did not benefit 

from the desirable flight characteristics of the membrane wing, it was more suitable for the 

design of the bendable wing.  The rigid wing was simpler in construction than the flexible wing, 

but required a separate fabrication process, documented below.   

Rigid wing construction was largely similar to the flexible membrane wing, so the process 

is only summarized in the following steps.  First, Teflon® release film was applied to the surface 

of the mold with spray adhesive to prevent the resin from bonding to the mold.  A single layer of 

pre-impregnated carbon fiber weave was typically placed on the release film, biased at a ±45º 

orientation.  Kevlar® weave was cut out and placed over the leading edge of the wing.  

Additional layers of carbon fiber were added as needed to strengthen the wing where high 

bending stresses were expected.  Figure 3-20 shows an example of a rigid carbon fiber wing after 

layup and cure. 

Fuselage Fabrication 

The fuselage lay-up was completed in a similar process. Carbon fiber weave was wrapped 

around a Teflon® lined male mold to produce the nose of the fuselage. Multiple layers of carbon 
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fiber and Kevlar® were applied to the nose to provide adequate reinforcement for impacts.  The 

fuselage molds were not produced using MAVLAB, as the precision of their construction was 

not as critical, and they were difficult to define by simple parameters (Figures 3-21-23). 

Vacuum Bagging and Curing 

The entire wing and fuselage were covered with porous Teflon® peel-ply, to allow excess 

resin to pull out of the carbon fiber without sticking to it.  A layer of fabric breather material was 

placed on top of the molds to ensure a vacuum would be applied evenly to the composite covered 

mold surfaces.  Finally, a small hole was cut in the vacuum bag to accept the hose attachment for 

the vacuum pump.  Vacuum bag tape was used to seal up both ends of the bag and the hose was 

connected to the attachment and a vacuum was drawn to 0.01 atm absolute.  Once the air had 

been removed from the bag, it was inspected for leaks and air pockets.  Leaks were sealed up 

with additional tape and air pockets were alleviated from inside corners by repeatedly removing 

the vacuum and forcing the bag into the corners.  The vacuum bag was then cured in an oven at 

130° C for 2 hours (Figures 3-24,25). 

Fuselage Assembly 

Once cured, excess material was trimmed away as shown in Figure 3-20, and edges were 

sanded to remove splinters.  The fuselage and wing were mated together to ensure an acceptable 

fit (Figure 3-26).  The wing was often placed on the wing mold, and the fuselage is glued into 

place, a method that helps to reduce asymmetries in the MAV. 

For the flexible wing construction, the remaining open surface of the wing was then 

skinned with 0.25 mm latex rubber. The latex was applied in a three step process.  All but a 3 

mm perimeter of contact surface around each of the open areas of the wing were masked with 

masking tape (Figure 3-27).  Next, Elmers spray glue was then lightly coated to the top surface 

of the wing.  The masking tape was then removed and the glue was left to set-up for thirty 
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seconds.  Lastly, a latex membrane was adhered to the top surface of the wing.  An aptly sized 

rectangular section of latex was first stretched out over a block of foam and pinned down to 

secure some pretension in the membrane and prevent any slack or wrinkles.  This pretension was 

not typically measured, however.  It was important to note that the entire wing was skinned at 

once in order to keep the relative membrane tension in both wings equal (Figure 3-28).  The latex 

was then pressed firmly against the wing, trimmed with a razor blade and secured with 

cyanoacrylate glue (Figure 3-29). 

Components Installation 

Servos were attached to the fuselage by double sided tape (Figure 30), and lashed into 

place with Kevlar® thread. Control rods (1mm diameter steel) were then installed, connecting 

the servos to the control surfaces (Figure 3-31).  The rudder control surface was created by 

cutting a section out of the vertical stabilizer, and then reattaching them with Tyvek® hinges and 

glue.  Special care was taken to minimize any clearance or play in these linkages.  Electronic 

components such as the electronic speed controller, GPS receiver and autopilot were then placed 

inside the fuselage and adhered with double-sided tape where necessary.  An acceptable size hole 

was bored into the nose of the fuselage for the motor using a Dremmel tool. Glue was used to 

adhere the motor to the fuselage with the proper thrust angle. 
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Table 3-1.  List of basic MAVLAB wing parameters 
Parameter Dimension Type Description 
Span Length Wing span 
Chord Length Root chord length 
Camber % Airfoil Maximum Camber 
Z-scale % Scale factor for Z-direction 
Twist Angle (degrees) Spanwise wing twist 
Sweep Angle (degrees) Wing sweep angle 
Dihedral Angle (degrees) Wing dihedral angle 
Edge Ref Logical Span shape referenced at leading edge (True) 
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Figure 3-1.  MAVLAB Graphical User Interface.   

 

 
Figure 3-2.  Typical graphical display of a wing geometry in MAVLAB, with feedback for basic 

parameters such as planform area, mean chord, aerodynamic center and aspect ratio. 
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Figure 3-3.  Wing span as defined by the linear distance from wing tip to wing tip. 

 
 

 
Figure 3-4.  Wing root chord is defined as the distance from leading to trailing edge of the wing, 

closest to the fuselage, or middle of the span. 
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Figure 3-5.  The maximum camber is the ratio of the highest point of the camber line to the 

airfoil chord length. 

 
Figure 3-6.  The geometric dihedral angle is the angle the wing makes with the horizontal. 

 
Figure 3-7.  The sweep angle is the angle between the ¼ chord line (dotted) and the line 

perpendicular to the  free stream velocity. 
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Figure 3-8.  Geometric wing twist, often called washout when it is negative and washin when it 

is positive. 

Twist (washout) 
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Figure 3-9.  Typical example of CNC milling of a MAV wing mold out of resin-based tooling 
board. 

 

 

Figure 3-10.  Scalloping or cusps created by consecutive passes of a ball (radial) end mill. 
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Figure 3-11.  Typical wing mold machined from high-density polyurethane tooling board. 

 

 

Figure 3-12.  Typical ball end mill used for machining 3D freeform surfaces such as wing molds. 

A.     B.  
Figure 3-13.  A) Rigid carbon fiber wing.  B) flexible membrane wing with batten reinforcement. 
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Figure 3-14.  Drawing layout pattern on the wing mold. 

 

 
Figure 3-15.  Applying Teflon release film to the surface of the wing mold using spray glue 
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Figure 3-16.  Laying up of carbon fiber on the wing mold. 

 
Figure 3-17.  Application of Kevlar to the leading edge. 
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Figure 3-18.  Cutting of unidirectional carbon fiber strips with custom cutting tool. 

 
Figure 3-19.  Trimming of excess carbon fiber during layup. 
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Figure 3-20.  Trimming excess carbon fiber from wing after cure. 

 
Figure 3-21.  Application of Teflon release film to fuselage mold. 
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Figure 3-22.  Fuselage placed on a form to maintain proper mate with wing. 

 
Figure 3-23.  Application of 1-2 layers of carbon fiber to the fuselage mold. 
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Figure 3-24.  Vacuum bagging of wing tool. 

 
Figure 3-25.  Vacuum bagging of fuselage covered with peal-ply release film. 
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Figure 3-26.  Assembly of wing and fuselage after cure. 

 
Figure 3-27.  Masking prep and application of spray glue to top of wing for latex application. 
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Figure 3-28.  Application of latex membrane to top of wing. 

 
Figure 3-29.  After latex trimming, final gluing of latex to carbon fiber skeleton of the wing. 
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Figure 3-30.  Component installation, with servos lashed to inside of fuselage. 

 
Figure 3-31.  Tyvek hinge rudder and attachment of control rod to control surfaces. 
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CHAPTER 4 
REPRESENTATIVE STUDY 

In theory, MAVLAB was a clearly useful solution for the design and manufacturing of 

MAVs.  In order to test this theory, a representative study was done on a MAV wing to verify the 

accuracy in which MAVLAB could aid in predicting aerodynamics as well as the accuracy in 

which it could generate wing molds.   

Computer Model Description 

Despite the name, MAVLAB was capable of designing and analyzing wings of all sizes, 

not just 6 inch MAVs as originally defined by DARPA.  In fact, in recent years, this dimensional 

restriction for the definition of the MAV has been relaxed, as it was not seen necessary to 

explore MAV designs only under 15 cm in maximum dimension.  As such, the University of 

Florida has done much research in the 6 – 24 inch realm of small UAVs.  The following study 

examined the design of a thin, flexible MAV shown in figure 4-1 and 4-2.  The wing was 

constructed using the custom fabrication process for flexible, batten reinforced wings as 

described in chapter 3, with one exception.  An inelastic light-weight, polycarbonate coated 

nylon fabric called Icarex, was used instead of latex. 

Wing Aerodynamics Comparison 

The particular MAV wing design used in this study was originally designed to fly at a 

cruise speed of 13 m/s with an angle of attack of 7-10 degrees.  For this reason, testing was only 

done at 13 m/s.  This section compares the lift, drag and pitching moment of the computer 

simulated model and actual wind tunnel results using the respective non-dimensional coefficients 

CL, CD and Cm. 
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Wind Tunnel Results 

All wind tunnel testing was performed in a newly installed Engineering Laboratory Design 

(ELD) 407B wind tunnel at the University of Florida.  The tunnel had two interchangeable test 

sections. The smaller of the test sections had inner dimensions of 0.61 m x 0.61 m x 2.44 m and 

has listed velocity capability ranging from 3 m/s to 91.4 m/s. The small test section was installed 

downstream of the flow screens and plenum and was upstream of the straight walled diffuser. 

The “large” test section has inner dimensions of 0.838 m x 0.838 m x 2.44 m and has listed 

velocity capability ranging from 2 m/s to 45 m/s [22].  The large section was used for this study. 

The University of Florida’s low speed wind tunnel was equipped with a 6-component sting 

balance used to measure aerodynamic loads.  Under the given loads for this particular test case, 

the sting balance could accurately predict lift and pitching moment, however drag was 

questionable.  This was due to the fact that the magnitude of the drag forces for this model were 

on the same order of magnitude as the measured resolution of the drag axis on the sting 

balance[23-24].  Thus drag measurements were not repeatable and likely questionable. 

Loads measurements were take at a range of angles of attack (alpha), from -5 to 25 

degrees.  Figures 4-3 through 4-5 show the relationships of lift, pitching moment and drag vs. 

angle of attack.  Figure 4-6 represents a metric of aerodynamic efficiency, called the lift to drag 

ratio.  This data was based on the data from the first two figures.  Figure 4-3 shows that the wing 

demonstrated a zero lift angle of attack of roughly -2 degrees, a lift slope of 0.06 and stall at 

about 17 degrees.  The slope of the pitching moment vs. alpha (Cmα) is an indicator of 

longitudinal stability, where a negative slope is desirable.  In this case, the wind tunnel results 

showed that the wing had a Cmα of approximately -0.013.  Minimum drag appeared to occur at 5 

degrees angle of attack; however this is questionable due to the reasons stated above. 
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Athena Vortex Lattice Results 

The aerodynamic simulations performed in MAVLAB were done by automatically 

exporting the wing data to a free VLM software called AVL [25].  AVL was capable of 

predicting a variety of aerodynamic and stability metrics in a matter of seconds.  But, since the 

wind tunnel test results were limited to lift, drag and pitching moment vs. angle of attack, these 

were the only values valid for comparison.   

The vortex lattice method implemented by AVL does not fully model the behavior of a 

body in fluid flow, and thus there were some assumptions that needed to be considered.  This 

method models fluid flow as inviscid, and as such, does not accurately predict wing stall or drag.  

The drag that it does measure is induced drag, which should only be a small portion of the total 

drag of a wing on this scale.  In addition, AVL does not model the flexibility of the wing, and 

cannot accurately model the steady state deformation of the wing during flight. 

That being said, AVL was able to predict aircraft performance relatively well.  The model 

was partitioned into a grid of 24 span-wise points and 8 chord-wise points.  It took roughly 15 

seconds to compute the lift, drag and pitching moment at a range of angles of attacks between 0 

degrees and 20 degrees.  Results matched closely to wind tunnel tests and can be seen in Figures 

4-3 through 4-6, with the exception of drag.  This was to be expected for two reasons, since AVL 

only predicts induced drag and the wind tunnel’s measurements were questionable in the first 

place.  It should also be noted that though the pitching moment curves don’t appear to be 

consistent, Figure 4-4 is misleading.  The slopes are nearly identical, but there is a slight vertical 

shift.  This is possibly a function of the rigid wing assumption in AVL, but it is not a serious 

concern, as the slope of the curve is most important. 
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Wing Mold Accuracy 

It was vitally important that the wing geometry be produced and reproduced as accurately 

as possible.  Any discrepancies in the wing mold geometry would lead to unwanted behavior in 

aircraft performance.  In addition, it would also weaken the correlation between simulated 

aerodynamic analysis and experimental measurement.  The following documents the process of 

quantifying the accuracy of a wing mold produced from MAVLAB. 

In order to experimentally quantify in flight elastic wing deformation of thin, flexible 

wings, the University of Florida has employed the Visual Image Correlation (VIC) system, 

developed at the University of South Carolina [6,20,23]. The VIC system was developed by 

Helm et al. [27] in the mid 1990s and provided a global shape and deformation measurement for 

3D geometries.  The VIC system used two cameras to obtain highly accurate 3D measurements 

of a surface prepared with a low luster, high contrast, random speckle pattern.  Measurements, 

both in plane and out of plane, were obtained by a comparison of the test subject in the deformed 

state and a reference state.  Error quantification was based on many variables and was different 

for each set up.  Errors of ± 0.05 mm have been reported [26]. 

Figure 4-6 illustrates the out of plane position of the wing mold as measured by the VIC 

system.  The speckled pattern can be seen behind the color overlay.  It should be noted that the 

VIC was not capable of measuring position up to the boundary of the region of interest, leaving 

an approximately 3mm border around the perimeter of the wing that was not measured.   

In order to quantify the difference between the machined wing mold and the computer 

model, the experimental VIC data was read into Matlab® and interpolated onto the same grid 

used by the original computer model.  The difference of the full-field out of plane position for 

each was computed and is represented in Figure 4-7.  The zero displacement region around the 

edge of the wing was an artifact of the fact that the VIC could not measure all the way to the 
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border, as mentioned earlier.  Note that there is also an apparent raised region (in yellow and 

circled in Figure 4-8).  This was due to an intentional circular gouge made in the mold by the 

CNC at the time of machining in order to produce a reference point.  Figures 4-9 through 4-12 

depict slices of the wing for better comparison and visualization of error.   

Conclusion 

Overall, MAVLAB seemed to demonstrate remarkable results in this case study.  Despite 

rather large assumptions, AVL predicted aerodynamic performance relatively accurately, and 

certainly well enough to give the user insight into the performance of the wing design before it 

was even tested.  Though it appeared, at first glance, that there were considerably large 

differences between the actual wing mold and the modeled surface, the range of error between 

the two was within the error of the VIC resolution of ± 0.05 mm.  The user could be sure that the 

computer modeled wing would be produced accurately via a precisely machined wing mold.  

The final results of the VIC testing showed that the wing was machined within acceptable 

tolerances. 
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Figure 4-1.  Thin, flexible wing model used to compare wind tunnel aerodynamics with Athena 

Vortex Latice’s computational aerodynamics approximation. 

 
Figure 4-2.  Thin, flexible batten reinforced MAV wing with Icarex used in wind tunnel testing. 
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Figure 4-3.  Lift vs. angle of attack comparison between experimental wind tunnel data and 

simulated results from AVL for a thin, under-cambered flexible wing. 
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Figure 4-4.  Pitching moment vs. angle of attack comparison between experimental wind tunnel 

data and simulated results from AVL for a thin, under-cambered flexible wing. 
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Figure 4-5.  Drag vs. angle of attack comparison between experimental wind tunnel data and 

simulated results from AVL for a thin, under-cambered flexible wing. 
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Figure 4-6.  Lift vs. drag comparison between experimental wind tunnel data and simulated 

results from AVL for a thin, under-cambered flexible wing. 
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Figure 4-7.  Visual image correlation 3D scanning overlay of out of plane displacement on 

painted mold (speckle pattern). 

 
Figure 4-8.  Comparison of wing model geometry and actual wing mold, where color represents 

variation in out of plane position in millimeters (note the yellow spot at the center of 
the root of the wing, indicating a purposeful gouge in the mold as a reference point). 
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Figure 4-9.  Comparison of MAVLAB wing model and machined wing mold cross section along 

the wing span. 

 

Figure 4-10.  Measured machining error along the span-wise cross section of the wing. 
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Figure 4-11.  Comparison of MAVLAB wing model and machined wing mold cross section 

along the chord-wise direction (airfoil). 

 
Figure 4-12.  Measured machining error along the chord-wise cross section of the wing. 
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CHAPTER 5 
FUTURE WORK 

MAVLAB has proven to be a useful aid in the design and analysis of MAVs.  However, it 

is a tool that is, by no means, complete.  For instance, it cannot perform any automated 

aerodynamic optimization.  Also, with regard to the modeling of the aircraft aerodynamics, it 

ignores the flexibility of the wing structure.  In order to include the flexible model of the wing, 

MAVLAB would require some type of finite element analysis (FEA).  Some work has already 

been done in this area and could be implemented fairly easily.  Lastly, FEA and optimization 

could be coupled together along with an entire aircraft model to obtain full aircraft dynamics. 

Optimization 

Matlab® is a prime environment for numerical optimization routines because it can be 

purchased with toolboxes designed with that in mind.  This is an obvious advantage in that 

optimization code does not necessarily have to be written from scratch.  A good example of how 

Matlab®’s optimization toolbox could be taken advantage of is the function FMINCON, which 

tries to perform a constrained minimization of a nonlinear multivariate function.  The aircraft 

dynamics as a function of design parameters such as span, chord, camber, twist etc. are clearly 

multivariate and likely highly non-linear in nature.  If one wanted to find the maximum lift at a 

given flight attitude by changing the airfoil camber, chord length and wing twist, FMINCON 

could be used in conjunction with the output of AVL to converge on the solution fairly quickly. 

Aeroelasticity 

Aeroelasticity is the science which studies the interaction among inertial, elastic, and 

aerodynamic forces.  The construction of MAV wings developed and generally used by the 

University of Florida were thin and flexible in nature.  Under normal flight conditions and loads, 

flexible wings tend to deform, thus introducing aeroelasticity.  This fact is ignored when 
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performing aerodynamic analysis using AVL.  One solution might be to perform an iterative 

computational analysis by including FEA in the loop.  Figure 5-1 depicts a diagram of the 

iteration process.   

Full Aircraft Modeling 

As of the writing of this thesis, MAVLAB has the ability to send only wing geometry to 

AVL for analysis.  This is acceptable for analysis of just the wing, but often the case is more 

complicated and requires the inclusion of the entire airframe.  For example, one may need to 

know how big and where to place a horizontal and vertical tail, if any is needed at all.  AVL is an 

excellent tool for doing this type of analysis, given a certain wing configuration, fuselage shape 

and mass distribution.  As of now, it is conceivable that one could modify the wing input file 

MAVLAB generates for AVL, to include the rest of the airframe.  This is a likely, but time 

consuming step to perform more rigorous airframe analysis.  A better and more long term 

solution would be to incorporate code that allowed a user to select additional wing surfaces and 

fuselage parts to be included in the automated generation of the AVL input file.  Even further, 

one could implement some level of optimization to increase wing and airframe efficiency. 
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Figure 5-1.  Diagram of iterative aerodynamic analysis where the wing forces computed by AVL 

are input into a FEA solver to determine the steady state deformation of a thin, 
flexible wing during flight. 
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APPENDIX A 
USERS’ MANUAL 

MAVLAB is a Matlab® based toolbox designed to aid in the design and manufacturing of 

MAVs.  This section is not a manual for the Matlab® programming environment, and assumes 

the user has basic general knowledge of Matlab® commands.  For further information on 

operating Matlab® consult Mathworks website at http://www.mathworks.com/support/.  This 

users’ manual is not intended to be comprehensive, but it does include a basic tutorial of 

MAVLAB, an example usage of the program, as well as a list of important functions included in 

the MAVLAB toolbox. 

Basic Description of Features 

Much of the basic description and important features of MAVLAB have already been 

discussed in chapter 3.  However, this section briefly outlines the major features of the toolbox.  

MAVLAB offers a specific CAD suite designed for MAV wing creation, a plug-in for CFD 

aerodynamic analysis using AVL (Athena Vortex Lattice, Drela) and a specialized CAM 

software capable of exporting the wing geometry as a set of commands for CNC machining.  The 

CAD portion of the software allows full manipulation of a wing design through basic input 

parameters (Table 3-1) and 3 vector parameters.  The vector parameters describe the wing 

planform, span-wise shape, and airfoil as a set of data points.  The power of MAVLAB comes 

into effect by allowing the user to either read the vector parameters in through saved ASCII text 

files, or manipulate each through an interactive interpolating spline curve.  Also, in order 

maintain compatibility with other CAD software, the wing geometry can be exported to a 

number of standard CAD formats.  The aerodynamic analysis is performed by converting the 

wing geometry to a format suitable for AVL and then calling a batch routine to run analysis.  The 

results are saved to a text file and finally read back in MAVLAB and printed to the screen.  Once 

http://www.mathworks.com/support/�


 

66 

the user has found the wing parameters that produce the desired results, MAVLAB can help 

create a physical model of the wing.  It does this by creating a set of instructions used by a CNC 

machine to mill out a wing mold from stock material.  The MAVLAB interface allows the user 

to select from several different style toolpaths and other milling parameters.  In addition, the user 

can simulate the milling procedure to graphically verify the wing mold before it is created. 

Getting Started with MAVLAB 

MAVLAB is designed to be intuitive and easy to use graphical user interface (GUI).  

Much of the underlying functionality is hidden to the user, who doesn’t need to know how it 

works.  Most of the interaction with MAVLAB is prompted by icons and tool-tip descriptions of 

what each function does.  The main focus of this manual is the main MAVLAB interface.  After 

saving the main MAVLAB folder and subfolders to the search path, MATLAB can be called 

from the command prompt by simply typing “mavlab” without quotes and in all lowercase 

letters. 

 

>> mavlab 

 

This will start the main program (Figure A-1) and a window will pop up with a rather 

uninteresting green square and some edit boxes and buttons.  The green square is the default 

shape for the wing, and assumes a rectangular planform with a wingspan of 1 and aspect ratio of 

1.  This, of course, is not ideal or reasonable for any practical aircraft design.  Included with 

MAVLAB are several test wing files.  The example wing files are included in the main 

MAVLAB directory under the “saves” folder.  The user is encouraged to open one of these files 

to see what MATLAB can do. 
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Sample Usage 

Open and Saving Wing Files 

Saved MAVLAB wing files can be found by clicking on the folder icon at the top of the 

main window.  This will open a dialog in which saved MAVLAB wing files with the extension 

*.mat can be selected.  Alternatively the user can load a wing file into MAVLAB at start up by 

first typing “load wingfile.mat”, where “wingfile.mat” is the name of the MAVLAB wing file.  

This loads the wing file into the current workspace.  Then the user can load the wing into 

MAVLAB by typing “mavlab(wing).”  In addition to loading existing files, MAVLAB can also 

save them.  To do this, simply click on the save button at the top of the MAVLAB main window.  

A save dialog will appear to select a filename and destination. 

Modify Some Parameters 

MAVLAB offers a variety of parameters that can be manipulated and are explicitly 

described in chapter 3.  In order to modify the basic parameters simply type the value into the 

corresponding field in the main MAVLAB window.  The three vector parameters, planform, 

airfoil and span shape can be modified by clicking on the respective images to the left of the 

main MAVLAB window.  For each, a new window will appear to modify or redefine each one.  

This can be done by clicking on a the curve in the window and manipulating spline control 

points, or simply selecting an ASCII text file of coordinates. 

Export Wing Geometry 

MAVLAB offers several useful and common industry formats in order to facilitate 

exporting of the model.  These include: IGES (International Graphic Exchange Specification), 

STL, AutoCAD data exchange format (*.dxf), and Wavefront (*.obj) formats.  This can be 

performed by clicking on the export button at the top of the main MAVLAB window.  A dialog 

will then appear asking which format to save it in. 
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Run Athena Vortex Lattice Aerodynamic Analysis 

Once the desired wing geometry has been achieved by manipulating the parameters in the 

main MAVLAB window, aerodynamic analysis can be performed by running a plug-in called 

AVL.  To start AVL, simply click on the “AVL” button at the top of the main MAVLAB 

window.  A new window will appear (Figure A-2) with options and settings for AVL.  The user 

can select different parameters in the list box to the left.  The parameters can then be modified by 

typing in a numerical value or expression into the edit box to the right with the heading of the 

current list box field.  Multiple parameters can be set to the same value at once by making 

multiple selections and entering the value.  Default values are set for gravity and air density, and 

are in metric units.  In order to run AVL, at least velocity and angle of attack need to be set.  In 

addition to the list box, two other parameters need to be set.  AVL divides the wing into discrete 

chord-wise and span-wise sections.  In the edit boxes near the bottom, these two corresponding 

values can be modified.  It appears that the default values are acceptable for most cases. 

Create Computer Numerically Controlled Toolpath 

The wing toolpath can be created relatively quickly in MAVLAB.  To start the CNC 

portion of MAVLAB, click on the button at the top of the window labeled “CNC.”  This will 

open a new window with a graphical display of the wing and a dialog box asking for three 

parameters (Figure A-3).  These parameters refer specifically to machining parameters and are 

the machine tool diameter, stepover and tolerance.  The tool diameter can be any positive real 

number, and will reflect the diameter of the tool going to be used for machining.  The University 

of Florida typically uses a ½ inch diameter tool.  The stepover is a metric of the “roughness” 

desired in the final wing mold.  Experience has shown that a typical value of 0.050 inches was 

acceptable for machining of wing molds in polyurethane tooling board.  The final parameter, 

called tolerance, reflects the relative resolution of the discretized toolpath.  Since freeform curves 
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are approximated by piecewise linear segments in a toolpath, it is necessary to specify a value for 

the tolerance depending on the complexity of the wing.  If the tolerance is set too small, the 

toolpath will become too large to send to the CNC computer. 

Once the desired initial parameters are set, the user can select between two types of 

toolpath shapes, zigzag and spiral (Figures A-5,6).  Pressing the corresponding button at the top 

of the window will generate the toolpath and display it with the wing.  To verify that the toolpath 

will turn out as desired, a feature has been included to graphically simulate the milling process.  

By clicking on the “eye” button at the top of the menu, toolpath verification will initiate (Figure 

A-6).  Note that the dimensions of the minimum size work piece are displayed with the simulated 

milled mold. 

Finally, to machine the wing mold, the wing must be exported to the CNC machine.  

MAVAB can do this by generating a text file of instructions for the CNC to follow called G-

code.  This G-code is saved in a file called an NC file (*.nc) and can be created in MATLAB 

after a toolpath has been generated.  To generate a toolpath, click on the button at the top of the 

CNC window with the “pencil and paper”.  A dialog will appear asking where to save the file. 

List of Functions 

Matlab® code is generally composed of one or more files called m-files.  Large programs, 

such as MAVLAB, are typically broken down into tens and hundreds of m-files which each 

perform a different function.  Often, in Matlab®, a collection of functions (or m-files) designed 

to work together to perform similar tasks are termed a toolbox.  These files will be grouped 

together under one directory and given a toolbox name.   

Main Functions 

MAVLAB is more of a toolbox than a program.  As such, it is composed of over 100 

functions.  The following are a summary of the main MAVLAB toolbox functions. 
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• mavlab.m   Entrance function for MAVLAB called at command prompt 
• dcAVL.fig   Supporting figure file for dcAVL.m 
• dcAVL.m   GUI for running AVL CFD  
• dcBuild.m   Main function for generating wing geometry from parameters 
• dcCNC.m   GUI for creating a CNC toolpath for airframe geometry 
• dcGetFoil.fig   Supporting figure file for dcGetFoil.m 
• dcGetFoil.m   GUI for creating/modifying an airfoil 
• dcGetPlan.fig   Supporting figure file for dcPlanFoil.m 
• dcGetPlan.m   GUI for creating/modifying the wing planform 
• dcGetSpan.fig   Supporting figure file for dcGetSpan.m 
• dcGetSpan.m   GUI for creating/modifying the span-wise shape of a wing 
• dcLoadfoil.fig  Supporting figure file for dcLoadfoil.m 
• dcLoadfoil.m   GUI for loading an airfoil into the database from a text file 
• dcMain.fig   Supporting figure file for dcMain.m 
• dcMain.m   GUI main function for MAVLAB 
• dcSurf.m   Plot airframe geometry from parameter data 
 
Sub-Functions 

In addition to the main toolbox functions, which would generally be the most used, there 

are dozens of helper functions.  These helper sub-functions are not typically called on their own, 

except for more advanced usage.  The following is a list of the most useful advanced sub-

functions. 

• avl.m    Run AVL from wing geometry parameters 
• mat2avl.m   Convert surface data to *.avl file 
• nrbloft.m   Convert series of NURBS curves to a NURBS surface 
• nrbinterp.m   Interpolate a NURBS curve to a set of data points 
• nrbWing.m   Create a NURBS surface from wing parameters 
• gnurbs.m   Interactively manipulate a NURBS curve/surface 
• gspline2.m   Interactivley draw/edit a cubic spline curve 
• scanfoil.m   Low level reading of airfoil coordinate text files 
• mkWing.m   Generate the wing parameter structure 
• surf2spiral.m   Generate a spiral toolpath from a surface 
• surf2zigzag.m   Generate a zigzag toolpath from a surface 
• surfature.m   Compute Gaussian/mean surface curvature 
• verifytoolpath.m  Simulate milling process of a toolpath 
• offsetsurface.m   Create offset/parallel surface for use with toolpath creation 
• cncpost.m   Write a toolpath *.nc file from toolpath coordinates 
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Not all MAVLAB toolbox functions are listed above; just the ones that are of most interest 

to the user.  Included in MAVLAB are several sub-toolboxes, including a NURBS toolbox as 

well as some needed functions from the SPLINE toolbox.  Also included are two toolboxes not 

currently being used by MAVLAB but helpful with regard to future work and additional 

implementations of the MAVLAB toolbox.  Those two toolboxes are a FEA toolbox specialized 

for MAV wings and a MESH toolbox designed to help mesh wings for FEA.  Neither of these 

toolboxes are complete nor come with any guarantee.  They are included only to help those 

doing future work with MAVLAB. 
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Figure A-1.  MAVLAB Graphical User Interface.   

 

 
Figure A-2.  AVL Graphical User Interface. 
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Figure A-3.  CNC Toolpath generator GUI. 
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Figure A-4.  Zigzag toolpath example. 

 

 
Figure A-5.  Spiral toolpath example. 
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Figure A-6.  Verification of milling toolpath via simulation (note that the minimum dimension of 

the work piece was defined in the rendering). 
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