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Abstract 

Package deliveries, surveillance and entertainment are all areas where unmanned aerial systems, 

(UAS), face a growing market. Multicopters, being one of the most popular UAS, can both be bought 

and built rather easily due to the fairly simple design and low cost. However, lack of regulations and 

absence of research of structural properties of the rotor blades motivates the purpose of this project, 

as better knowledge results in safer products with an increased operational envelope.  

The out of plane deflection and the change in pitch of two commercially available multicopter UAS 

rotor blades, one plastic and one carbon fiber reinforced, have thus been studied for an isolated rotor 

in hover mode. The deformation was measured using both a Digital Single-Lens Reflex (DSLR) camera 

and tailored photogrammetry with two cameras for a rotation speed range. The results were compared 

to analytical expressions of coning angle from helicopter theory and to one model that was developed 

for a finite element simulation was evaluated. The conclusion is that for the plastic blades the out of 

plane deflection is negative quadratic to linear relation to the rotation speed while the pitch has a 

trend of decreasing angle. For the carbon fiber blades the relation is more linear to quadratic for the 

deflection while the pitch is almost constant.   
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Sammanfattning 

Obemannade luftfarkoster (UAS) har på senare år fått en allt större marknad tack vare ny teknik och 

nya användningsområden så som bevakning, leveranser och nöje. Multikoptrar är den vanligast 

förekommande typen av UAS och deras framfart motiveras oftast av de relativt låga inköpspriserna 

samt den enkla designen som underlättar för egna konstruktioner. Tyvärr saknas forskning inom flera 

områden relaterade till produkten, däribland de strukturella egenskaperna hos rotorbladen, och 

regleringen är heller inte enhetlig. Dessa sakfrågor har därför givit en grund till behovet av detta 

projekt med förhoppningen att det i framtiden kan byggas säkrare produkter med bättre prestanda. 

I projektet har således utböjningen och vridningen av två kommersiellt tillgängliga multikopter 

rotorblad undersökts, ena helt gjort av plast medan den andra av kolfiberförstärkt plast. Detta gjordes 

för en isolerad rotor i hovring-läge. Utböjningen från rotorplanet mättes för ett spann av 

rotationshastigheter både med hjälp av systemkamera och med specialanpassad fotogrammetri. 

Resultaten jämfördes med analytiska uttryck från helikopterteori samt försöktes återskapades i en 

modell i finit element simuleringar. Slutsatsen som kan dras är att sambandet mellan utböjning med 

avseende på rotorhastigheten är, för bladen tillverkade av ren plast är negativt kvadratiskt till linjär, 

medan det för kompositbladen är mer linjärt till positivt kvadratiskt. Pitch vinkeln har påvisar en 

avtagande trend for plast bladen och nästintill konstant vinkel för komposit bladen.   

  

  



iv 
 

Acknowledgements 
First and foremost, I would like to thank my mentor Carl Russell at NASA Ames Rotorcraft 

Aeromechanics branch for all the assistance, guidance and discussions throughout this project. 

Without him showing me and providing help on how set up measurements, especially all the electronic 

parts, I would not have been able to complete this project. I am also grateful for all the things that I 

got to learn thanks to this project. 

I would likewise like to thank Dr William Warmbrodt without whom I would not have had the internship 

at NASA Ames and thus the possibility of writing this thesis at the Rotorcraft Aeromechanics branch. 

His encouragement, energy and enthusiasm in every aspect of the internship, from the work we did to 

all the extra tours and California history lessons he held, are admirable and I am grateful for having the 

chance to work for such an inspiring person. Furthermore, I want to thank him for opening my eyes to 

the field of rotorcrafts with many interesting topics and problems that still need solving. 

Next I would like to acknowledge my mentor and examiner at KTH, Per Wennhage, for giving me 

support and answered all my questions whenever needed, even though I was far away. I would also 

like to thank the staff at KTH Lightweight Structure Laboratory for taking time and showing me how to 

use the equipment I needed for my material tests.  

Lastly I would like to say a thank you to the staff and interns at the Rotorcraft Aeromechanics branch 

for making my stay at Ames so memorable. I had great support from many people who took their time 

to explain and show things that were new to me, without whom I would not have learned as much as 

I did.   

 

  



v 
 

Table of Contents 
Abstract ....................................................................................................................................................ii 

Sammanfattning ...................................................................................................................................... iii 

Acknowledgements ................................................................................................................................. iv 

Nomenclature .......................................................................................................................................... vi 

1. Introduction ......................................................................................................................................... 1 

1.1 Problem Formulation .................................................................................................................... 1 

1.2 Method .......................................................................................................................................... 2 

1.3 Limitations ..................................................................................................................................... 2 

2. Background: UAS Multicopters ........................................................................................................... 3 

2.1 Structure ........................................................................................................................................ 3 

2.2 Flight .............................................................................................................................................. 4 

3. Literature Review ................................................................................................................................ 5 

3.1 Codes for Rotor Blade Analysis...................................................................................................... 5 

4. Experimental Measurements of Quadcopter Rotor Blade Deflection ................................................ 8 

4.1 Theory: Blade Coning Angle .......................................................................................................... 8 

4.2 Deflection Measurements Using DSLR Camera........................................................................... 10 

4.3 Deflection Measurements Using Photogrammetry .................................................................... 12 

4.3.1 VSTARS .................................................................................................................................. 12 

4.3.2 Tailored Photogrammetry .................................................................................................... 13 

5. Simulation of Blade Deflection Using FEA ......................................................................................... 15 

5.1 Confirming Material Properties ................................................................................................... 15 

5.1.1 Static Bending Test ............................................................................................................... 15 

5.1.2 Material Determination of Plastic Propellers ....................................................................... 16 

5.2 Simulation of Blade Deflection .................................................................................................... 18 

5.2.1 Theory: Lift Distribution ....................................................................................................... 18 

5.2.2 FEA Model ............................................................................................................................ 19 

6. Results ............................................................................................................................................... 22 

6.1 DSLR Camera ............................................................................................................................... 22 

6.2 Photogrammetry ......................................................................................................................... 23 

6.3 Analytical Solution ....................................................................................................................... 25 

6.4 FE Hover Simulation .................................................................................................................... 26 

7. Discussion .......................................................................................................................................... 27 

8. Conclusion ......................................................................................................................................... 33 

References ............................................................................................................................................. 34 

Appendix A – FEA Convergence Study .................................................................................................. 36 

Appendix B – Numerical Results DSLR Camera Measurements ............................................................ 37 

Appendix C – Numerical Results Photogrammetry ............................................................................... 39 

Appendix D – Performance Results ....................................................................................................... 43 

 
  



vi 
 

Nomenclature
A – rotor disc area [m2] 

𝛼0 – angle of attach at zero lift [rad] 

𝛽 – blade flapping angle [rad] 

𝛽0 – blade coning angle [rad]  

𝛽𝑝 – blade pre-coning angle [rad] 

𝑐 – blade chord length [m] 

𝐶𝑑  – drag coefficient 

𝐶𝑙 –lift coefficient 

𝐶𝑙𝛼- slope of lift vs angle of attack curve 

𝐶𝑇 – thrust coefficient 

𝑑𝐷 – section drag [N/m] 

𝑑𝐿 – section lift [N/m] 

𝜙 – pitch angle [rad] 

𝛾 – lock number 

𝐼𝑏 – mass moment of inertia about flap hinge 
[kg m2] 

𝐾𝛽 - torsional spring stiffness constant [Nm] 

𝜆 – rotor inflow ratio 

𝑚 – mass per unit length [kg/m] 

𝜇 – mean value 

N – total number of samples 

𝑁𝑏 – number of blades on rotor 

𝜈 – nondimensional flap frequency 

Ω – rotation frequency [rad/s] 

𝑅 − radius of rotor, total blade span [m] 

𝜌 – density [kg/m3] 

𝑠𝜇 – standard error of the mean 

𝜎 – rotor solidity 

T – rotor thrust [N] 

𝜃 – blade pitch angle [rad] 

𝑈 – inflow velocity [m/s] 

𝑈𝑝 – perpendicular component of inflow 

velocity [m/s] 

𝑈𝑇  – tangential component of inflow velocity 
[m/s] 

𝑥𝑖 – measured value in statistical sample 

y – span wise coordinate from center of 
rotation [m] 

Subscripts 

. 8 – value at 80% blade span 

𝑁𝐹𝑃 – value at no flapping plane 

𝑡𝑤 – linear twist rate  

𝑦 – span wise coordinate 

Abbreviations 

BDAS - Basic Data Acquisition System 

CAD – Computer Aided Design 

CAMRAD - Comprehensive Analytical Model of 
Rotorcraft Aerodynamics and Dynamics 

CFD – Computational Fluid Dynamics 

CFRP – Carbon Fiber Reinforced Plastic 

DSLR - Digital Single-Lens Reflex camera 

DSP – Digital Speckle Photography 

FAA – Federal Aviation Administration 

FEA – Finite Element Analysis 

FFT – Fast Fourier Transform 

NASA ARC – NASA Ames Research Center 

KTH – KTH - Royal Institute of Technology 

RPM – Revolutions per Minute 

UAS – Unmanned Aerial System 

UAV – Unmanned Aerial Vehicle 

VABS - Variational Asymptotic Beam Sectional 
analysis 
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1. Introduction 
Multicopters are becoming one of the more common and popular type of unmanned aerial systems 

(UAS) which have both civilian and military applications. One example being the concept of drone 

deliveries proposed by the distribution company Amazon [1]. The use of such electrical propulsion 

systems is considered to result in faster and easier deliveries and also environmental benefits 

compared to other vehicles that still use fossil fuel. That is despite the benefits of reduced complexity 

and better reliability than in traditional internal combustion engines. Other examples include 

surveillance and just simple entertainment. The reason behind their success is often said to be due to 

their small size, relatively low cost, simple structure and finally simple usage.  

With an increase in the UAS market comes challenges in terms of security, as both people and other 

aircrafts could be harmed if not used correctly. Therefore further studies and regulations based on 

these are needed to ensure that future use of drones, especially in the civilian and public sectors, are 

safe and efficient. Thorough research has been done on full scale, man or cargo transporting, 

helicopters so that most parts of flight and performance are fairly well understood. Yet not much of it 

has been verified for small multicopters. Until today many studies and research projects have been 

done on control systems and navigation. On the other hand not nearly as much have been investigated 

within aerodynamics of multicopters and even less in terms of structure. Many of the methods used 

today for building multicopters involve a process of trial and error of what will work well together. 

Once that is accomplished some structural analysis of the multicopter bodies might be done to verify 

that the product will be strong enough and have a decent aerodynamic performance.  

Similarly, not much has been done on the research of the rotor blades themselves, especially in terms 

of structural stress analyses and ways to ensure that the commonly used parts are indeed safe and 

follow safety measures. Some producers claim that their propellers indeed have been tested, but again 

that usually tends towards simple fluid dynamic analyses or even simpler stress analyses. There is no 

real deflection measurement of said blades and all theory is today based on the theory developed for 

full scale helicopters. This report thus intends to highlight the problems that come with blade 

deflection theory and measurements for small UAS multicopters.  

This thesis starts with the introduction and problem formulation where the ground for the report scope 

is laid out. Then a chapter with the history and basic background information of UAS multicopters can 

be found for readers not familiar with the field. A literature review of the research within the area 

follows after the background, where previous and current research and methods are presented. The 

experimental part presents the blade types that were studied and the two methods that were used for 

the measurements. Relevant theory regarding coning angles is presented to be able to compare the 

experimental results with theoretical results. A chapter with the computer simulation is then included 

with the finite element analysis and material analysis. In the results section the obtained results are 

presented for the different subparts. Lastly there is a discussion where the results and methods are 

evaluated and analyzed, followed by the most important conclusions.  

1.1 Problem Formulation 
The aim of this thesis is to investigate the deformation of commercially available rotor blades of 

multicopters that are in hover, such as quadcopters, by preforming measurements of these 

deformations. Two measuring methods were used, first one by using a Digital Single-Lens Reflex (DSLR) 

camera and de second by using photogrammetry. These results are then to be compared with 

theoretical results and analyzed. The second part of the project aimed at trying to recreate the 

measurements in a numerical simulation by using finite element analysis (FEA).  
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In the end, this project will be a part of a larger project which goal is to gather data and performance 

information of multicopter UAS so that a new subpart can be added to the way rotorcraft vehicles are 

studied at NASA ARC Rotorcraft Aeromechanics Branch today. By doing so it will be possible to predict 

the performance and analyze a new design in the early stages of development a new product, thus 

making it possible to increase the product’s operational envelope but also to create regulations for 

safety that need to be followed. 

1.2 Method 
This project was mostly carried out at NASA Ames Research Center (NASA ARC) in Moffett Field, 

California, USA. The approach to solve the problem contained two distinct parts, one experimental 

with measurements performed in the AEROLab at NASA ARC Aeromechanics Branch and one smaller 

simulation part where the blade deflections and structural properties were confirmed using finite 

element analysis, FEA. The experimental part was carried out with two methods of measuring the out 

of plane deflection; one using a DSLR camera and one using tailored photogrammetry.  

The simulations were performed in a combination of different software including PTC Creo Parametric 

2.0, ANSYS Workbench 16 and Matlab. Due to uncertainties of material properties, test were 

performed at the Lightweight Structures Laboratory at KTH in Stockholm, Sweden. The results from 

the different methods and simulations were compared, analyzed and checked for their validity, thus 

giving a more thorough and complete explanation of how the blades of commercially available 

multicopters react to loads associated with hover mode.  

1.3 Limitations  
Since the project was carried out during an internship, the generation of data from experiments was 

done in a limited time frame and limited to the resources of the department where is was conducted. 

Thus meaning that not all desired data could be gathered and the photogrammetry method could not 

be improved. The time limitation also meant that only one FEA model was tester and evaluated. 

Another limitation included that the author has no background in fluid dynamics and hence no 

computational fluid dynamics (CFD) analysis was performed to get the actual aerodynamic loads for 

the complete hover simulations. Instead these loads were approximated from analytical expressions. 
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2. Background: UAS Multicopters 
Rotorcrafts are heavier than air machines that produce lift by a rotational motion of blades. Unlike a 

stationary wing aircrafts, such as airplanes, rotorcrafts have one or more rotating hubs with blades 

attaches to them, which, due to the rotation will induce an airflow over said blades and thus create 

lift. The main benefit of vertical lift aircrafts is that less infrastructure is needed for landing and takeoff, 

hence there is less environmental impact due to building runways and also easier access to otherwise 

unreachable places. The most common vertical lift aircraft is the helicopter. However, lately other 

vertical lift aircrafts have been developed, for example the tiltrotor aircrafts AgustaWestlands AW609 

and Boeing V22 Osprey that have a tilting rotor so that they can have both a helicopter and airplane 

mode.  

In the last years the development of small multicopters has begun as unmanned systems have been 

developed and new markets have developed where the system is needed. One example being the 

proposed Amazon drone delivery program [1] [2]. The hope with that program is that faster and more 

precise deliveries can be done, thus benefitting the society. Potentially these deliveries can have less 

environmental impact as no fossil fuels are used in the delivery itself and the transportation distance 

can be minimized as there are fewer infrastructural bounds. On the other hand, if used improperly the 

devices can be used to cause harm in cases such as usage in restricted areas or accidents with regular 

air traffic. The usage might thus need to be regulated further.  

A multicopter is an unmanned aerial vehicle (UAV) containing, per definition, more than one rotor. A 

UAV is itself a part of an UAS, which includes the multicopter and the ground control system, meaning 

the flying component is controlled remotely from a separated location and that is more or less 

automated in flight. The size of multicopters can range from a couple of centimeters up to over a 

meter, all depending on the purpose of usage and on how much payload will be needed. Today the 

upper mass limit, including the payload, for small UAV’s in USA is 25 kg, as regulated by the US Federal 

Aviation Administration (FAA) [3]. However, most of the civilian applications usually have a mass of 1-

3 kg and can take as much in payload, depending on the configuration. There is a market need for 

higher payloads, but there are still many problems need to be solved before the upper limit of 25 kg 

can be implemented. These problems include the structural layout of the drones, control systems, lift 

generation with limited amount of power supply, and finally safe transport from point A to point B. 

Before that last part can be achieved, the product needs to be studied and better understood so that 

authorities, such as FAA and the European Aviation Safety Agency (EASA), can regulate the safety 

criteria on new products.  

2.1 Structure 
The most common multicopter types today are the quadcopters and octocopters, having 4 and 8 rotors 

respectively. The structure of a multicopter includes the frame, propulsion system, communication 

and navigation systems as well as the rotors with corresponding propellers. The frame is usually made 

of some lightweight material such as plastic, aluminum or fiber composite, to reduce the needed 

power for lift and maneuvering. The propellers, meaning a hub and the corresponding blades, are, 

unlike regular helicopter rotors, most often a single piece, therefore resulting in a hingeless rotor 

structure. Due to the small area and aerodynamic effects such as very low Reynold numbers, the blades 

are often highly cambered and twisted. This is once again the opposite of traditional helicopter blades 

and causes a need for using viscous analysis for determining aerodynamic constants. The material of 

the propellers is often a lightweight, yet rather stiff, material such as a polymer plastic or a fiber 

composite. 
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Many of the quadcopter propellers that can be bought today are typically either made out of injection 
molded thermos plastics, such as Nylon 6, or carbon fiber reinforced plastics (CFRP). The latter often 
has a sandwich structure, meaning the carbon fiber reinforcement is on the outside of a core made 
out of a lightweight, yet dense, material. One of the blades used in this thesis was the T-motor 15x5 
[4] propellers that have a cork wood core coated with carbon fiber reinforced epoxy. The use of cork 
wood in this application is most likely there only for obtaining the proper outer geometry and a light 
hollow structure.  Otherwise foams and balsa wood are used for many small applications where 
sandwich concept is needed for improved stiffness. Nonetheless, a comparative review on cork based 
materials by Gil [5] claims that several studies have been performed on different cork wood 
combinations for sandwich structures, showing great mechanical properties.   

2.2 Flight  
Since the multicopters are a type of rotorcraft, their flight dynamics depend on the blades and 
configuration of the rotors. In the case of a quadcopter, the four rotors need to produce enough lift 
force to counteract the weight of the aircraft and its payload as well as the drag due to the movement 
of air. The loads acting on the multicopter are the classical aerodynamic loads such as thrust, drag, 
weight and lift. Due to the rotating blades, some parts of the drone will experience torque. Just like in 
regular helicopters a torque will be produced on the body due to the rotating hub. To counteract the 
torque of each rotor, two rotors spin clockwise while two spins counter clockwise thus leading to a 
zero net torque when in hover, vertical or forward flight. The most common configuration is to have 
the rotors spinning in the same direction in a diagonal pattern, as can be seen in Figure 1.  

Multicopters have, similarly to other rotorcrafts, several flight modes. These 
include vertical lift and descent, hover and rotation, forward and reverse 
flight as well as banking.  All these moves depend on how the rotors interact 
with each other. If all are equally powered, the UAV will remain in vertical lift 
or hover. If, again in the case of a quadcopter, two are spinning faster than 
the others the quadcopter will pitch, roll or yaw due to the change in net 
force direction. The biggest issue with these aircrafts is that the motors 
consumes tremendous amount of energy to stay in the equilibrium state of 
hover, a problem which causes any vertical lift aircraft to have much more 
powerful engines than if the vehicle would need for moving. The hover state 
is nevertheless a unique and powerful maneuver as it allows the aircraft to 
become stationary midair, meaning that operations such as surveillance, 
loading and unloading are possible.  

  
Figure 1: Sketch of quadcopter 
with the rotation directions 
defined. 
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3. Literature Review   
As mentioned in the introduction, many studies have been done on system controls, navigation and 

CFD for UAS multicopters. There are many examples of student degree projects at several universities 

as well as among academic researchers, where new multicopter prototypes have been built and 

analyzed in various ways [6] [7] [8] [9] [10]. What usually can be noticed among those is that more 

thorough CFD and structural analysis of the bodies, along with actual flight tests in labs, are done once 

the prototype is built and not when it is still in the design stage. Thus, the methodology for new designs 

is more in the sense of using prior knowledge, along with trial and error, than actually analyzing the 

new concept at the design stage. Furthermore, blades have not been investigated as thoroughly at all 

in the structural domain, some examples can be found to have mentioned the flapping phenomenon. 

Two of those are the PhD dissertation by Pereira [11] who have studied similar aircrafts but focused 

on the performance of the whole vehicle instead of the blade structure only and Huang et al. [10] who 

investigated how aerodynamic loads such as the flapping affect the control stability of a UAS.  

Nonetheless, research within the field is on the way. Brandt and Selig [12] created a propeller 

performance database where several propellers were studied and analyzed. What the authors found 

out was that a proper choice of a rotor blade will affect the performance of the whole UAS with respect 

to thrust and efficiency   Additionally, Russell et al. [13] recently presented a paper on the performance 

of multicopter UAS vehicles where data was generated both in a wind tunnel simulating forward flight 

and in hover. This data is said to be used for enhancing design and analysis software for better 

understanding of said vehicles and is also the predecessor of the study presented in this thesis.  

For full scale helicopters, which requires a human pilot inside, numerous tests and simulations have 

been performed as well as thorough analytical theories have been developed throughout the years. 

Several researchers have contributed to the theory and numerical methods used in analyzing the 

structure and aeroelastic behavior of rotor blades, both isotropic and those containing anisotropic 

composite materials. One such investigation was performed by Ormiston and Hodges [14] who studied 

the linear flap-lag dynamics of hingeless rotors in hover, a field that describes some of the important 

movements of the rotor blades. Much effort has also been put into developing the anisotropic beam 

theory for rotor blades. For example Hodges [15], who worked on the nonlinear composite beam 

theory, also put together a thorough review of composite rotor blade modelling. Additionally, 

Friedman and Yuan [16] studied the aeroelasticity and structural optimization of composite rotor 

blades by using an analytical approach with moderate deflection theory. One of the result of this study 

pointed to how different composite lamina layups affect parameters such as blade torsion but not the 

blade flapping. This theory has later been incorporated into dedicated analytical codes. 

3.1 Codes for Rotor Blade Analysis  
There are several methods that have been implemented into various codes for analyzing new concept 

and ideas for helicopters. The hope is that these codes could also be used for analyzing the much 

smaller multicopter UAS.  

For many years, the approach of analyzing rotor blades and hubs has been to perform the aerodynamic 

simulations and structural analyses separately. [17]  This is mainly due to the problem of combining 

the software, programming and theory of the two fields. The structural analysis is mostly done with 

the help of approximated load distributions generated by the aerodynamic studies. The helicopter 

rotors have always been a complicated mechanism with a complex hub containing many parts and 

long slender rotor blades that are attached to the hub in various ways, depending on the rotor type. 

This, along with a complex load case, lead to the use of beam models for analyzing the structural 

properties of the rotor blades and the hubs. This way, enough simplifications can be incorporated in 
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the design to allow solvable analyses without too much computer power and have sufficient fidelity 

for simple analyses.  

One example of this is Sivaneri and Chopra [18] who studied the aeroelastic stability of the flap bending 

in hover by using beam elements for the FEA and 2D airfoils analysis for the aerodynamic loads. The 

authors claim that the approach gives reliable results and is simple to implement for analyzing the 

aeroelastic properties of complex blade geometries. It is nonetheless good to have in mind that the 

focus of the study has been on helicopter hingeless and articulated hubs, while it has not been tested 

on multicopter blades.  

Later on, when the theory was better understood and developed, the two fields were combined in 

several analyzing codes. An analysis tool that is still used today is the Variational Asymptotic Beam 

Sectional (VABS) analysis program that decouples a 3D model of, for instance a blade, into a 1D 

engineering beam model with the desired cross section that can be analyzed. It can incorporate the 

different cross section geometries of the blades and use anisotropic materials. From this the 

aerodynamics loads can be determined for a cross section and then through the 1D approximation for 

the whole blade. According to Hodges and Yu [19] VABS was developed throughout the years and to 

large content based on Hodge’s nonlinear composite beam theory.  The program was also used in the 

authors’ study of wind turbines and rotors.  

Furthermore, a comparison between different analysis models such as VABS and the theory by Yuan 

and Friedman [16] has been done by Freidman et al. [20]. The authors prove that even though the 

approach to defamation varies, the moderate deflection composite beam model from Yuan and 

Friedman [16] can be incorporated into VABS which is said to give “a more accurate stress field due to 

the more general treatment of warping” [20]. The model and its implementation is clearly helpful for 

analyzing composite rotor blades and makes VABS more reliable as well as usable in more applications.  

Johnson [21] on the other hand has created a model and tool called Comprehensive Analytical Model 

of Rotorcraft Aerodynamics and Dynamics, also known as CAMRADII. The program can use input from, 

for instance VABS, to perform the complete rotorcraft analysis with aerodynamic and structural loads 

yet the structural model is still based on 1D beam elements. The author claims that the results 

generated by the code correspond well with the results of large deflections from real life test but it has 

problems with some formulations, hence slightly reducing its fidelity. 

These days, anisotropic composites are becoming even more advanced and new regulations create 

new design problems. Thus, more thorough 3D analyses of the hub and blade structures are desirable 

in order to analyze a concept with higher fidelity and lower cost at an early design stage. However, due 

to the complex load cases, closely dependent on the CFD, a complete and accurate 3D implementation 

of structural blade analyses has not been easy to achieve. The statement that 1D beam approximation 

will not be enough was already claimed back 1990 in the review by Hodges [15], meaning that it should 

be even more accurate today when the computational capacities of computers have increased 

tremendously and more fidelity is desired. 

On the other hand, new methods and approaches are still being developed. One promising approach 

was presented by Datta [22] and Staruk et al. [23] at the American Helicopter Society conference in 

San Francisco in January 2016. Preprocessing parts of this code were presented by Staruk et al. [17] at 

the American Helicopter Society forum in Montreal, Canada in 2014. The program called X3D was 

created in cooperation with the US Army and University of Maryland and has found a first approach to 

couple a 3D FE analysis and a thorough CFD analysis for an entire rotor hub, including joints, bearings 

and composite blades.  The hope is that this will lead to a better understanding of rotors and that it 

can be incorporated into the field of multicopter UAS where the blades have more complex blade 
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geometries, varying chord and high camber. Then, the modelling and analysis design can be improved 

prior to building the vehicle, thus resulting in higher fidelity, safety and better performance. The code 

is still under development and the work and implementation of it into the field of multicopters will 

most likely continue in the near future. 
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4. Experimental Measurements of Quadcopter Rotor Blade Deflection 
The experimental part of the project included two ways of measuring the out of plane deflection for a 

sweep of rotational speeds; first one is by using Digital Single Lens Reflex (DSLR) camera and second 

one is by using tailored photogrammetry. The latter had the advantage that it is possible to also 

measure the change in pitch of the blade. The method and setup of each approach is described in the 

following subsections after the theory section where the coning angle is derived. The coning angle gave 

an analytical value to the deflection that could be compared to the results from the experiments. 

In this study two types of blades were examined, the plastic DJI Phantom 3 [24] blades and the carbon 

fiber reinforced T-motor 15x5 [4] blades, presented in Figure 2 below. The study focused on the plastic 

blades while the carbon fiber ones were included for comparison of used models. The plastic blades 

are most likely injection molded thermoplastic blades with a diameter of 24 cm. The material 

properties were determined by tests and the procedure and results are presented in section 5.1 

Confirming Material Properties. The carbon fiber reinforced blades have a sandwich structure with a 

cork core, a plain fiber weave and a diameter of 38 cm.  

 
Figure 2: The two types of commercially available quadcopter blades that were studied. The top one is the carbon fiber T-
motor 15x5 bade while the bottom one is the DJI Phantom 3 blade. 

4.1 Theory: Blade Coning Angle 
One of the more interesting components to look at in terms of blade deflection is the coning angle that 

occurs due to the rotation of the propeller. If there is a difference in pressure along the path of rotation 

flapping occurs, meaning the blades deflecting differently at different azimuths. For an isolated rotor 

in hover, which was tested here, this effect will not be present. The coning angle is the flapping angle 

in hover or the average flapping angle while in forward flight. [25]  

The forces acting on said blade will cause them to deflect and get the shape of a cone, see Figure 3. 

Unfortunately the only theory that exists for rotor blades is the one for full scale helicopters and hence 

the presented theory is derived for that type of aircrafts. Nevertheless, it can be used to understand 

the basic characteristics of blade deflection that is also present in small multicopter UAS and to get a 

rough estimation of the deflection that can be used for comparison with experimental results.  

The theory of rotating blade motion for helicopters, also known as Blade Element Momentum (BEM) 

theory, is well described by many authors, two of them being Leishman [25] and Johnson [26]. They 

both state that the three main forces acting on a rotating blade when it is spinning are the centrifugal 

force, inertial force about a flap hinge and the aerodynamic force. Johnson [26]  claims that the total 

moment acting on the blade during their rotation will thus be: 

∫ 𝑚Ω2𝛽𝑟2𝑑𝑟 + ∫ 𝑚𝛽̈𝑟2𝑑𝑟 + ∫ (𝑑𝐿)𝑟𝑑𝑟 = 0
𝑅

0

𝑅

0

𝑅

0

 (1) 
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Here m is the mass per unit length, r is in this case the normalized distance from the center of rotation 

and 𝛽 is the total flapping angle. For definitions, see again Figure 3. The moment of inertia about the 

flap hinge is defined as:  

𝐼𝑏 = ∫ 𝑟2𝑚 𝑑𝑟
𝑅

0

 

 
Figure 3: Definition of aerodynamic forces acting of a rotor blade and the change in blade flapping angle 𝛽. [26] 

This gives a simplification to equation (1) that can now be rewritten as:  

𝐼𝑏(Ω2𝛽 + 𝛽̈) + ∫ (𝑑𝐿)𝑟𝑑𝑟 = 0
𝑅

0

 

This expression can be simplified further and with the introduction of the Lock number, the coning 

angle, 𝛽0, can be extracted. The Lock number is the dimensionless parameter that represents the ratio 

of aerodynamic forces to inertial forces and is defined as: 

𝛾 =
𝜌𝑐𝐶𝑙𝛼𝑅4

𝐼𝑏
 

Even though the rotors of multicopters have rigid hubs, the spring hinge approximation for hingeless 

rotors can be used according to Johnson [26]. The rotor can be seen to have a structural spring at the 

blade root, which approximately describes the rigid bending that occurs at the rigid rotor blade roots 

with a soft material. This means that Equation (3) will need an extra spring stiffness term resulting in:  

𝐼𝑏(Ω2𝛽 + 𝛽̈) + 𝐾𝛽(𝛽 − 𝛽𝑝) + ∫ (𝑑𝐿)𝑟𝑑𝑟 = 0
𝑅

0

 

where 𝛽𝑝 is the preconing angle and 𝐾𝛽 is the spring stiffness, or more precisely the torsional stiffness 

of the material. The coning angle, 𝛽0, for a rigid hub multicopter blade can then be derived from 

Equation (5) and becomes according to Johnson [26]:  

𝛽0 =
𝜈2 − 1

𝜈2
𝛽𝑃 +

𝛾

𝜈2
[
𝜃.8

8
(1 + 𝜇) −

𝜇2𝜃𝑡𝑤

60
−

𝜆𝑁𝐹𝑃

6
] 

Due to the hover mode and the geometry of the blades it can be said that 𝜇 = 0 and assumed that 

𝛽𝑃 = 0. Hence the relation can be simplified to:  

𝛽0 =
𝛾

𝜈2
[
𝜃.8

8
−

𝜆𝑁𝐹𝑃

6
] 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 
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where 𝜃.8 is the pitch of the blade at 80% radius, 𝜈 is the dimensionless normalized natural frequency 

of the blades and 𝜆𝑁𝐹𝑃 is the inflow ratio. The dimensionless natural frequency can be approximated 

by: [26] 

𝜈2 = 1 +
𝐾𝛽

𝐼𝑏Ω2
=

(𝐼𝑏Ω2 + 𝐾𝛽)

𝐼𝑏Ω2
 

While the inflow ratio at the no flapping plane can be approximated to the total inflow ratio, which for 

hover is simplified to:  

𝜆𝑁𝐹𝑃 = 𝜆 = √
𝐶𝑇

2
 

Here 𝐶𝑇 is the thrust coefficient that can be approximated from performance measurements as:  

𝐶𝑇 =
𝑇

𝐴𝜌(Ω𝑅)2
 

Here T is the measured thrust, A is the area of the rotor disk, 𝜌 is the density of the air and Ω𝑅 is the 

rotor tip speed.  This means that the relation for the coning angle in hover will depend on the rotational 

speed as follow: 

𝛽0 =∝
𝐴1Ω2

𝐴2Ω2 + 𝐴3
 

Where 𝐴1, 𝐴2 and 𝐴3 are constants.  

Rotors that have hinges also experience lead-lag displacement, but due to the hingeless structure of 

the propellers used in multicopters, this phenomenon is not present either and will hence not be 

studied any further in this thesis. 

4.2 Deflection Measurements Using DSLR Camera  
The first round of measurements included simple out of plane deflection measurements along with 

various performance measurements such as RPM, forces and moments on the smaller plastic rotors 

while in hover. A DSLR camera was used for capturing the images. The test was mainly focused on the 

plastic blade model as it was concluded that the deflections in the composite model might be too small 

to register with this technique due to the material stiffness. A single run was nonetheless completed 

for the carbon fiber blades to get a comparison to the unreinforced plastic blade. 

 

Figure 4: A close up photo on the blade in the experimental set up for DSLR camera measurements for the DJI Phantom 3 
propeller with the coordinates of the load cell. 

(8) 

(11) 

(9) 

(10) 

Y 

X 

Z 
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The experimental setup consisted of a solid test stand, see Figure 4 and Figure 5, on which a load cell 

was fastened. An isolated motor that is commonly used in multicopters, was secured to the load cell 

and finally the studied propeller was attached to the motor. All cables needed for the motor control, 

RPM readings and load cell readings were connected and secured so that the airflow from the rotor 

would not be influenced too greatly by it. A camera was set up at a tripod and aligned to capture the 

profile of the rotation disk. Also, a lamp was added next to the camera for better light and contrast, to 

facilitate the displacement extractions from the photographs. 

Table 1: Specifications on the measurements for the DLRS camera test. 

 DJI Phantom 3 T-motor 

Number of propellers 5  1  

Propeller labels [1,4,A,B,C] [1] 

RPM sweep range 2500-8500 2000-5000 

Camera exposure time 1/90 s 1/90 s 

 

The goal of the test was to measure the out of plane deflection for various RPM with an increase of 

500 RPM for each point. This range was limited by the RPM reader for the lower values and with the 

motor heating up for the higher values, however still giving a good spread of data. The deflection study 

was made on 5 DJI Phantom 3 propellers, all counter clockwise rotors. The labels for the propellers 

were 1, 4, A, B and C due to use of different batches. This way a small statistical sample could be 

established. For the carbon fiber T-motor blade only one run was performed on only one counter 

clockwise rotor. Specifications on range and camera settings can be found in Table 1. 

  

Figure 5: The test set-up for the DSLR camera measurements with an isolated rotor fastened to the test stand. 

The performance data was recorded with the NASA’s Basic Data Acquisition System (BDAS) with the 

help of a 6 degree of freedom load cell and voltage meters from which loads, moments and RPM could 

be estimated. The rotational frequency was recorded and a fast Fourier transform (FFT) was done 

within the software to receive the RPM. The deflection was, as mentioned earlier, recorded by 

photographing the profile of the rotating blades. With the help of a calibration board, a relationship 

between pixels and distance could be established for future post-processing. This was done using the 

shareware application DataThief [27] where points of interest were approximated for each RPM. The 

point of interests were the ones at the tip of the blades, as the deflection would be the greatest there. 

To prevent errors due to unplanned shifts in camera angles, a second stationary point was extracted 

to check that the camera still had the same position. If that was not the case the difference was then 

used to compensate for that displacement. In the cases where the camera got shifted, a fixed point of 

the test stand was chosen on each photo so that the relative distances could be subtracted.  
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4.3 Deflection Measurements Using Photogrammetry 
Photogrammetry is the art of determining the position of a target in a 3D space with the use of 

photographs and targets. The general idea is that by knowing the position of some stationary targets, 

the position of the targets of interest can be determined. The position of each target is determined by 

triangulation, meaning that by using more than one camera in different angles, a mathematical line 

can be drawn from each camera to the target. These lines cross and the distance between the targets 

and the cameras can be calculated. Then the moving and displaced targets can be compared to 

stationary targets that build up a global reference system.  

Targets that are used during photogrammetry are markings that are captured by the cameras and they 

can for example be simple retro-reflective material or laser grids. The retro-reflective targets need to 

be lit up on each photo take, which is usually done with the help of strobes. Targets can both be 

stationary or moving, where the former are known points to create a reference grid while the latter 

could be on a part of interest whose exact location is not known in the measured space.  

The method has been used for a long time and quite few commercial systems are available, one being 

the automated system called VSTARS, while other systems are more custom built to fit the application. 

Photogrammetry is well suited for determining how loads will affect the deflection of a structure as it 

has a higher fidelity than the DSLR method and better accuracy. The systems transform the results into 

a digital response that can be used for further post processing.  

4.3.1 VSTARS 
The VSTARS system is a photogrammetry system made by Geodetic Systems, Inc. [28] that enables real 

time measurements by using stationary targets and moving retro-reflective targets. In the test the 

targets on the moving blade had a diameter of approximately 3 mm while the stationary targets were 

6 mm. 

The system uses calibration and coded targets to ensure a stable coordinate system, which enables 

the cameras to be moved around. The system that was used is called the VSTARS M system which 

operates with two or more cameras and acts like a “portable optical coordinate measurement 

machine”. The cameras are high speed and the accuracy of the system is 1:60000 on a 4 m object. [28] 

Scale bars are used to get the proper scaling of the coordinate systems. Once the calibration is done, 

the software gives real time positions of chosen targets from which the deflection and change in pitch 

can be determined. The setup can be seen in Figure 6. 

 

Figure 6: Illuminated targets on the blade and surrounding stationary points for the VSTARS photogrammetry test. 

What could be noted fairly quickly was that the VSTARS system did not work for the test conditions 
needed for multicopter propeller analysis. In it, each target is assigned a specific number and is tracked 
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within a region of interest. The VSTARS can at this time not be set to use an external trigger that would 
take a photo for example once every revolution, hence it could not be determined what position the 
blade would be for each caption. This meant that the targets could not be tracked as the regions of 
interest of each target would be too big and then coincide with regions of interests of the other targets. 
It was hence concluded that this photogrammetry system is not yet applicable for the test setup used 
in this study. Instead the more tailored method was used as described in the section 4.3.2 Tailored 
Photogrammetry.  

4.3.2 Tailored Photogrammetry 
The test was similarly to the DSLR camera method performed on a sweep of RPM with a step of 500.  

The specifications on range and number of photos can be found in Table 2. The range for the DJI 

Phantom 3 blades was changed as a new motor was needed when the old one broke down during a 

test. To get statistical samples, several photos were taken for each RPM. Due to lack of time only one 

carbon fiber blade was tested with only 5 photos per RPM.  

Table 2: Specifications on the measurements for the photogrammetry test. 

 DJI Phantom 3 T-motor 

Number of propellers 5 1 

RPM sweep range 2500-7500 2000-5000 

Number of photos 8 5 

In this take on photogrammetry two Imperx 4M15L cameras with a 135 mm lens were used with 

strobes that illuminated the targets. The system consisted of an external trigger that simultaneously 

triggered the cameras and then the strobes with a slight delay of 70 micro seconds. The triggering 

pulse was set to a TTL pulse with a trigger duration of 0.2 ms. The pulse would be released roughly 

once every second from a series of 1 per revolution signals coming from the RPM meter. The image 

captured by the cameras was transmitted through an optic cable to a frame grabber and a computer. 

A dedicated software was used to record the images of the two cameras. The images were then 

exported a post-processed with a customized software used at NASA ARC, from which the coordinates 

of the targets in 3D space could be determined. From these the deflection and change in pitch angle 

could be determined. The hardware setup can be seen in Figure 7. 

Unlike the DSLR camera experiment no performance measurements were taken since the data 

acquisition system that could not be incorporated into the external triggering of the cameras. The 

samples were taken for certain azimuths that depend on the magnetic poles of the motors and the 

RPM to ensure comparability between different speeds and blades. Due to an inconsistent RPM pulse 

coming in the poles shifted slightly for the different RPM. To get a proper comparison a static photo 

was taken for each azimuth of interest to find the zero lift reference. Calibration was implemented 

with a calibration plate where the in- and out of plane distances to the targets had been measured a 

priori. The camera details can be found in Table 3.   

Table 3: Specification of equipment used in the photogrammetry test. 

Parameter Value 

Camera Imperx 4M15L 

Lens 135 mm 

Trigger pulse duration 0.0002 s 

Strobe delay 0.00007 s 

Target size 1 mm 
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For the tests circular targets with a diameter of 1 mm were used. This was considered small enough 

to not cause significant change to the structure and aerodynamics of the blade and at the same time 

big enough for the camera to be captured and for the post-processing to be recognized as targets. 

The target pattern was set so that two targets were placed at some radial stations, one on the 

leading edge and one on the trailing edge. To be able to distinguish the two blades on each propeller 

one of them had an extra row of targets. This might have caused some balance distortion on the 

plastic blades but it was considered small enough to not affect the results too severely. The targets 

patterns for the plastic DJI Phantom 3 blades after the test were run can be seen Figure 8. 

 

Figure 8: The 5 tested DJI Phantom 3 blades with illuminated targets. Some targets fell off during the higher RPM 
measurements. 

Figure 7: Tailored photogrammetry test setup. Top: Cameras with image acquisition and rotor speed control. 
Bottom left: View from camera to test stand. Bottom right: Isolated rotor on rest stand with illuminated targets. 
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5. Simulation of Blade Deflection Using FEA  
The purpose of simulating the deflection is to be able to see if a software such as ANSYS that is not 

designed for rotorcraft analysis can be used to predict the coning behavior. If that is possible, then a 

3D implementation in future codes should not be impossible to achieve. The simulation was done in 

two steps; first the material properties were confirmed and later on the actual isolated rotor hover 

was simulated. However, only one proper hover simulation model was considered. 

5.1 Confirming Material Properties  
Early on in the modelling phase inconsistencies were found regarding the material of the DJI Phantom 

3 blades. The manufacturer did not state which material was used other than it was a “durable plastic” 

[24]. A bit of research among other producers of multicopter propellers showed that Nylon 6 and ABS 

were some of the materials that were commonly used. However, using the common material data of 

these materials resulted in a much lower mass of about 7 g compared to the 12 g of the actual product. 

Thus there became a need to confirm the material properties to be able to perform reliable hover 

simulation. 

5.1.1 Static Bending Test 
To validate the material a structural analysis was made. This included a simple static structural bending 

case where the load was applied at the tip of the blade. The deflection was then compared to the one 

obtained in the lab where static loads were put on the blade. The blade was fastened on a motor that 

was secured to a solid plate. A static load was applied by fastening a string with weights on the blade. 

The defection was measured using the DSLR camera approach described earlier.  

In the FE simulation, the load was applied to the face at the tip of the blade while the boundary 

conditions included a homogeneous rotor made of one piece where the base of the hub had a fixed 

support constraint. The mesh was an automated distribution of 7640 tetrahedral elements, where the 

maximum element size was set to 5 mm. The mesh convergence is found in Appendix A – FEA 

Convergence Study but resulted in a theoretical error of less than 1%. The resulting deflections for five 

different loads for the common Nylon 6 and ABS material properties can be seen in Table 4 along with 

the results from the static bending test.  

Table 4: Deflection for different loads for the two material types and from bending tests. ABS with 𝜌= 1080 kg/m3, E=2.25 
GPa and 𝜈= 035. Nylon 6 with 𝜌= 1300 kg/m3, E= 3 GPa and 𝜈= 0.4. [29]   

Load [N] 
ABS –  

Deflection [mm] 
Nylon 6 –  

Deflection [mm] 
Tested Material – 
Deflection [mm] 

Bending Test – 
Deflection [mm] 

0.18 6.1 6.0 1.4 1.7 

0.36 12.2 11.9 2.9 3.1 

0.54 18.3 17.9 4.3 4.3 

0.72 24.4 23.8 5.8 5.7 

0.90 30.5 29.8 7.2 7.1 

 

A trial and error estimation was performed to find the elastic modulus for which the best correlation 

between simulation and actual test could be found. Since the material is a thermoplastic the Poisson’s 

ratio was set to 0.4, same as for Nylon 6 due to the resemblance of the materials. It was then found 

that an elastic modulus of 9.5 GPa gives the best correlation, again shown in Table 4 under the column 

called “Tested Material”. 
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5.1.2 Material Determination of Plastic Propellers 
The first step in determining material properties was to determine if any fibers were present in the 

material. This was done by cutting up test samples of the blades, polishing them and look at the surface 

through a microscope. Both the specimen close to the root and the specimen close to the tip showed 

the same structure, namely inclusions such as spherical granulates or maybe short fibers.  This is clearly 

seen in Figure 9 and Figure 11. It was also concluded that the inclusions are most likely not voids since 

a void would give a deeper whole and make it possible to see the material on the inside of it. To 

highlight this, a void can be seen as the darker spot in Figure 10 while the inclusions are magnified 

further in Figure 12 , thus showing how more distinct the void is compared to the other dots. 

 
Figure 9: 5x magnification of specimen from blade tip with 
clear circular dots that were determined to be spherical 
reinforcement particles. 

 
Figure 10: 5x magnification of specimen from blade tip 
with a void present (dark circle). 

 
Figure 11: 5x magnification of specimen from blade root. 

 
Figure 12: 20x magnification of specimen from blade root. 

 

It is believed that these inclusions are added to provide additional strength, which would be reasonable 

as thermoplastic materials have lower strength and elastic modulus. If they are spherical inclusions 

then they could also be added to improve the flow characteristics of the resin. It could also be seen 

that the amount of inclusions is slightly higher closer to the wing tip, compare Figure 9 and Figure 11, 

at least in the studied photos. On the other hand, comparing these images with the injection molded 

Nylon 6 with short glass fibers that were studied in the paper by Bijsterbosch and Gaymans [30] could 

possibly hint that these inclusions are indeed short glass or polymer fibers. The spherical inclusions 

might have some minor effect on the material, but due to their size and roughly even distribution it is 

assumed to give the material isotropic properties and further information is not needed to perform FE 

simulations. 

The second step included determining material properties by performing a tensile tests. The goal was 

to find the E-modulus of the material under the assumption that the material is isotropic. The tensile 

test was made with only 2 test specimen, mainly due to lack of time and that the first specimen had 

traces of sliding during the test. The strain was measured using Digital Speckle Photography (DSP). A 

specimen with a length of about 10 cm was cut out from the propeller in the parts that had as even 
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thickness as possible. Glass fiber and vinyl ester composite tabs were glued with Araldite 420 adhesive 

to the specimen to avoid among other things twisting and shearing.  

The specimen was mounted into a tensile testing machine (Instron 4505 with Instron 5 kN load cell) 

and was put to a deformation of 0.1 mm/s. An Aramis DSP system was then used for 2D measurements 

of the resulting position movement and post processed to give the strain. From that, the cross section 

area was determined from the CAD model and the elastic modulus was approximated to 6.5 GPa. Here 

the material was assumed to isotropic (due to randomness in inclusions) and linear elastic. It was also 

assumed that the material kept its initial cross section area and that the stresses in the material were 

isotropic. The elastic modulus was then approximated from the initial linear part of the load-position 

curve due to the not that great loads that the propeller is exposed to during usage. See Figure 13 below 

for test setup, specimen and resulting load-position curve. 

  

 

 
Figure 13: Left: Setup for tensile test with Intron machine. Middle: Test specimen with speckles for DSP measurements and 
tabs. Right upper: Close up photo of the resulting DSP image. Right lower: Resulting Load-Time curve for test specimen 2. 

To conclude, it is not possible to determine the exact material of the blades without more in-depth 

tests but at least it can be said that it is a thermoplastic (much likely ABS or Nylon 6) with spherical 

inclusions. The Poison’s ratio was again approximated to 0.4. The material properties were measured 

to be E=6.5 GPa which can be seen as a lower material limit due to difficulties in the measurements. 

This could be compared to the Young’s modulus of 2-3 GPa for pure Nylon 6 and the 14 GPa of 30% 

glass fiber reinforced Nylon 6 [31].   
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5.2 Simulation of Blade Deflection  
This study was made to investigate the possibility of simulating the deflection of rotor blades using 3D 

FEA in ANSYS Workbench. The only two forces that could be applied as default in ANSYS were the 

effects of inertial and centrifugal force. Unfortunately, due to lack of time and knowledge, no CFD was 

performed to get the exact aerodynamic loads. The lift force was instead modeled though the 

theoretical lift distribution, described in section 5.2.1 Theory: Lift Distribution below. The two blade 

types were only studied at one RPM each, 7500 for the DJI Phantom 3 and 5000 for the T-motor. 

5.2.1 Theory: Lift Distribution  
The loads that act on a multicopter are, as mentioned, the classical aerodynamic loads such as thrust, 

drag, weight and lift. Due to the rotating blades, some parts of the drone will also experience torque. 

The blades however will mainly experience lift and drag along with inertia due to its mass and finally 

centrifugal force due to the rotation. The theory of rotorcraft aeromechanics is thoroughly described 

by Leishman [25] and the presented equations in this section follow that format unless stated 

otherwise. The span wise lift distribution, dL, on the blade, where the span is along the y axis, can be 

thus described by:  

𝑑𝐿 =
1

2
𝜌𝑈𝑦

2𝑐𝑦𝐶𝑙𝑦
𝑑𝑦 

Here 𝜌 is the air density, 𝑐𝑦 is the local chord, 𝐶𝑙𝑦
 is the local section lift coefficient and 𝑈𝑦 is the local 

section velocity of the air passing the blade. Since the out of plane velocity is much lower than the 

tangential velocity the following approximation can be done for the span wise distributed section 

velocity Uy: 

𝑈𝑦 = √𝑈𝑦 𝑇

2 + 𝑈𝑦𝑃

2 ≈ 𝑈𝑦 𝑇
= Ω𝑦 

where y is the radial distance from the hub center of rotation and Ω is the angular frequency of the 

rotor.  

Furthermore, the spanwise lift coefficient for a distance y from the center of rotation can be 

approximated as;  

𝐶𝑙𝑦
= 𝐶𝑙𝛼

(𝜃 − 𝛼0 − 𝜙) = 𝐶𝑙𝛼
(𝜃 − 𝛼0 −

𝜆𝑦𝑅

𝑦
) 

since small angle approximations are made and that the total inflow angle is:  

𝜙𝑡𝑜𝑡𝑎𝑙 ≈
𝑈𝑃

𝑈𝑇
= 𝜆 

Here 𝐶𝑙𝛼
= 2𝜋 is the slope of the lift vs angle of attach curve, 𝜃 is the pitch angle, 𝛼0 is the 

corresponding zero lift angle, 𝜙 is the relative inflow angle, 𝜆𝑦 is the inflow ratio at certain radius and 

R is the total radius of the rotor. The definitions of the inflow ratio was described in section 4.1 Theory: 

Blade Coning Angle and the definition of the angles can be seen in Figure 14. 

 

In the case of the highly cambered and twisted blades, such as those of multicopters, these angles 

might vary along the span and so does the inflow ratio. 

 

(12) 

(13) 

(14) 

(15) 
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Figure 14: Blade cross section with defined angles and velocity components as well as lift and drag definitions. [26] 

The spanwise inflow ratio will therefore be:  

𝜆𝑦 =
𝜎𝐶𝑙𝛼

16
[√1 +

32𝜃𝑦

𝜎𝐶𝑙𝛼
𝑅

− 1] 

Here 𝜎 is the solidity of the rotor defined as the ratio between the total blade area of 𝑁𝑏 number of 

blades, assumed to be more or less rectangular with chord c, and the rotor disk area:  

𝜎 =
𝑁𝑏𝑐𝑅

𝜋𝑅2
=

𝑁𝑏𝑐

𝜋𝑅
 

In a similar manner to lift, the spanwise drag distribution can be described as:  

𝑑𝐷 =
1

2
𝜌𝑈2𝑐𝑦 𝐶𝑑𝑦

𝑑𝑦 

where 𝐶𝑑 is the drag coefficient. However, since the drag is at least one order of magnitude lower than 

the lift, as presented by Leishman [25], it was neglected in this analysis. This means that in hover, the 

lift equals to the produced thrust. 

5.2.2 FEA Model  
The geometry of the plastic DJI Phantom 3 blade was obtained from a 3D scan that was converted into 

a geometry file. The model can be seen in Figure 15. This way the outer bounds of the geometry could 

stay more true to the original state than if the model was created by approximating an airfoil section 

and drawing it in a CAD program.  

 

Figure 15: The CAD model resulting from a 3D scan of the 24 cm plastic blade. 

(16) 

(17) 

(18) 
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The carbon fiber T-motor blade was modelled in PTC Creo Parametric since no 3D scan of the blade 

was available. Measurements were taken for 9 cross sections and the airfoils corresponding to those 

sections were approximated. This means that the actual outer geometry could only be as good as the 

approximations, which had some flaws in determining pitch angle and exact airfoil geometry.  

The material used in the simulations is presented in Table 5.The properties of the DJI propellers are 

from the performed tests and FE static bending test described in the previous sections while the 

properties of the T-motor propellers are estimated to from what the manufacturing stated as the 

material and the common values their corresponding material data. The fiber composite skin in the T-

motor propellers was modelled as a transverse orthotropic material, but the true fabric weave was not 

possible to recreate.  

Table 5: Material properties of the studied blades. For the DJI propellers the two elastic modulus represent the one from the 
tensile test and the one from the static bending simulation. The fiber composite is estimated to be a T-300 3k/934 plain 
weave fabric with 60% fiber fraction since it is a material commonly used in aerospace applications and a reasonable 
approximation to the carbon fiber/epoxy weave fabric that the manufacturer state as material [4]. Material properties for 
carbon fiber and cork from [32], [33] and [34]. 

 

The mesh for the DJI model consisted of 8129 elements and the element type was set to Solid187, 

meaning a 10 node tetrahedral element. The elements were set to have a maximum size of 4.5 mm 

but otherwise the automated mesh was used due a non sweepable geometry. A mesh convergence 

study was performed and resulted in a theoretical error of approximately 1.2%, which was considered 

acceptable. The approach and numerical results of this can be found in Appendix A – FEA Convergence 

Study. 

Table 6: Details about FE models for the two blade types. 

 DJI Phantom 3 T-motor 

RPM 7500 5000 

Total Lift [N] 2.9 9.9 

Sections 21 8 

Elements 8129 22284 

 

As mentioned earlier there were three main loads applied to the model; lift, inertial and gravitational. 

The lift was approximated with the theoretical model, Equation (12) described in the theory section 

and modelled as a surface loads that were applied to the lower faces of the blades. The distribution 

was divided into 21 regions per blade for the plastic DJI Phantom 3 blade as it seemed to fit the model 

fairly well. The inertial forces were applied through a rotational velocity with the certain RPM and a 

standard gravity. The boundary conditions included a simple support in the vertical and radial direction 

Property Material 1 – DJI 
Blades 

Material 2 – Carbon 
Fiber Epoxy woven mat 

Material 3 – Cork 

𝜌 [
𝑘𝑔

𝑚3] 
1600 1550 150 

𝐸 [𝑀𝑃𝑎] 6500  9500 𝐸1 62700  20 

𝐸2 62100 

𝐸3 8000 

G [MPa] - - 𝐺12 5000 10 

𝐺13 2700 

𝐺23 2700 

𝜈 0.4 𝜈12 0.1 - 

𝜈13 0.1 
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while it was free to move in the rotating direction. The constrained was located at the bottom and on 

the inner sides of the hub, where the propellers is attached to the motor, thus describing the real 

rotation rather well. The summary of the two blade models can be found in Table 6. 

 

Figure 16: The meshed CAD model of the T-motor blade showing the 8 regions on the blade where the forces were applied. 

A similar set up was made for the carbon fiber blade with a corresponding lift distribution, this time 

for 8 regions per blade. The number of elements were 22284 elements and element type was again 

set to Solid187. Contact elements were also added due to the use of core and orthotropic materials. 

The elements were also oriented so that they would represent the weave of the fibers. The mesh 

convergence study showed an error of 1.8% and the resulting mesh can be seen in Figure 16. For more 

detail see Appendix A – FEA Convergence Study. In this model a similar simple support was added at 

the main whole where the blade is attached to the motor as well as an extra out of plane displacement 

constraint at the two smaller holes where additional screws are attaching the blade to the motor. 
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6. Results 
The results obtained by the two experimental methods are presented below followed by an analytical 

solution for the coning angle for comparison. After that, the results from the FEA simulations are 

presented. In all test where more than one propeller or more than one test were performed, the 

arithmetic mean value was calculated as:  

𝜇 = ∑
𝑥𝑖

𝑀
 

Along with the standard error of the mean;  

𝑠𝜇 =
√(

1
𝑁 − 1

 ∑(𝑥𝑖 − 𝜇)
2

√𝑁
 

where 𝑥𝑖 is each measured value and N is the total number of samples. 

6.1 DSLR Camera 
The results from the DJI Phantom 3 blades point towards a linear or possibly negative quadratic 

relation for the studied sweep range that did not include the zero deflection at 0 RPM. This can be 

seen both in the study of the first blade only, Figure 18, and in the sample of 5 counter clockwise 

blades, Figure 17. The maximum deflection tends to be up to a mean value of 4 mm for the highest 

RPM of 8500 with up to 0.16 mm standard error of the mean, in accordance to Equation (19) and (20). 

For 7500 RPM the deflection has a mean value of 3.7 mm and a standard error of the mean of 0.16 

mm. The exact numerical results can be found in Appendix B – Numerical Results DSLR Camera 

Measurements. The performance results, meaning the lift force during the measurements can be 

found in Appendix D – Performance Results.   

The coning angle of the blades clearly follow the displacement curve for different RPM due to the 

simple trigonometric relation between these and the small angle approximations. The coning angle 

reaches up to about 2 degrees, which can be seen in Figure 19 and in Figure 20.  

 

 
Figure 17: Relative displacement for the 5 DJI Phantom 3 
blades acquired with DSLR camera measurements. 

 
Figure 18:  Relative displacement for DJI Phantom 3 
propeller 1 acquired during 3 runs with DSLR camera 
measurements. 

(19) 

(20) 
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For the carbon fiber T-motor blade only one run was made to get a comparison to the FEA results. The 

results tend to show a maximum deflection of 2.2 mm with a coning angle of 1.1 degrees at 5000 RPM, 

which can be seen in Figure 21 below.  

 
Figure 21:  The relative displacement and coning angle for the T-motor propeller from DSLR camera measurements.  

6.2 Photogrammetry 
The following results are from the tailored photogrammetry described sin section 4.3.2 Tailored 
Photogrammetry earlier. A mean value and a standard error of the mean was determined for each 
propeller at each RPM. For the plastic DJI Phantom 3 blades the relative displacement at the leading 
edge of the tip was once again found to be between 3.5-4 mm with a standard error of the mean of 
roughly 0.02 mm for most propellers at the 7500 RPM. The corresponding coning angle is then 1.8-2.1 
degrees. Both depicted in Figure 22 and Figure 23. The individual mean results for each blade at each 
RPM can be found in Appendix C – Numerical Results Photogrammetry.  
  

 
Figure 19:  Corresponding coning angle for the 5 DJI 
Phantom 3 blades acquired with DSLR camera 
measurements. 

 
Figure 20:  Corresponding coning angle for DJI Phantom 3 
propeller 1 acquired during 3 runs with DSLR camera 
measurements. 
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Figure 22: Relative displacement for studied RPM for the 5 
DJI Phantom 3 propellers acquired with photogrammetry. 

 
Figure 23: Corresponding coning angle for studied RPM for 
the 5 DJI Phantom 3 propellers acquired with 
photogrammetry. 

For certain RPM the results had to be excluded as it was found out during post processing that the 
some positions did not work well with the calibration. This became clear when some of the resulting 
positons calculated with the dedicated software were unreasonably large with as much as a factor 10 
larger than the other positions. This was unfortunately discovered after the test was completed and 
no more runs could be done. The excluded measurements for both the deflection and the change in 
pitch angle were: 4000 RPM for propeller 1, 4500 RPM for propeller B, and finally 2500 RPM and 6000 
RPM for propeller C. At some RPM there were still more than 3 approved runs so these were included, 
however they have slightly lower fidelity due to the smaller sample. 
 
The change in pitch was calculated at the second pair of targets from the tip, about 15 mm, due to 
problems with manly of the trailing edge targets. The results from the DJI Phantom 3 blades can be 
seen in Figure 24 below where a trend of decreasing pitch can be noted but scatter is present. A 
negative angle means that the leading edge has a lower out of plane deflection than the trailing edge. 

 
Figure 24: The change in pitch angle between leading and trailing edge for DJI Phantom 3 propellers. 
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Figure 25: The deflection and coning angle for the T-motor 
blade. 

 

Figure 26: The change in pitch angle between leading and 
trailing edge for T-motor blade. 

For the carbon fiber T-motor blades it was found that the deflection reached up to a mean value of 1.3 
mm and a coning angle of 0.4 degrees for the highest measured RPM of 5500, as shown in Figure 25. 
The results for 2000 and 2500 RPM showed such low displacement that is was basically zero. For the 
3500 and the 4500 RPM cases the values do not follow the assumed linear to quadratic shape from the 
DSLR measurements. For the stiffer T-motor blades the pitch angle does not have a noticeable change 
but there are some large numerical errors for the lowest RPM, Figure 26 .  Again, the individual mean 
results at each RPM and the standard deviation can be found in Appendix C – Numerical Results 
Photogrammetry. 

 

6.3 Analytical Solution  
The Blade Element Momentum (BEM) theory, especially Equations (5) and (7), presented in the section 

4.1 Theory: Blade Coning Angle were used to find the analytical solution to the blade deflection coning 

angle. The theoretical relation between coning angle, and thus displacement, highly depends on the 

properties of the blade such as the torsional spring stiffness and the mass moment of inertia. If the 

inertia is very low the relation becomes more quadratic, while if it is just slightly higher it shifts over to 

linear or negative quadratic. For the spring stiffness, the case is the opposite. 

Since some of the parameters could not be estimated, simple tests and FEA analyses were used to 

determine some parameters such as the natural frequency and the torsional bending stiffness. The 

angle of attack at zero lift was approximated using the airfoil analysis tool XFOIL [35] on the airfoil 

section at the determined radial stations. The results of the characteristics, i.e. Equation (11) with 

constant A1 set to 1, can be seen in Figure 27 below where a clear negative quadratic relation is present 

for both blades.  In Figure 28 the theoretical coning angle containing all the different constants is 

presented. The values of the constants and parameters, which were found by approximations and FE 

simulations, can be found in Table 7. 

Table 7: Parameter values used for the analytical solutions. 

Parameter DJI Phantom T-motor 

𝐼𝑏 7.66*10-6 1.10*10-4 

𝐾𝛽  1.8 9.7 

𝜆𝑁𝐹𝑃 0.08 0.07 

𝜃.8 8° 6.5° 

𝛾 3.92 2.29 

Number of sections 7 8 
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Figure 27: General characteristics of coning angle and RPM 
dependence with constant A1=1 for the two blade types 

 

Figure 28: Theoretical coning angle vs RPM with all 
constants  

The torsional stiffness could be determined from the simple FEA bending test that was also used to 

confirm material properties. To compensate for the cambered airfoils the angle of attach at zero lift 

was subtracted from the pitch at 80% radius, similarly to the way the lift distribution was compensated 

in Equation (14).   

6.4 FE Hover Simulation 
In this section the results of the Hover simulations are presented for the two blade types subjected to 

loading in accordance to what was presented in section 5.2.2 FEA Model. For the DJI Phantom 3 

propeller the resulting out of plane deformation was found to be 3.6 mm for the estimated own 

material and 5.2 mm for the material from the material test. For the T-motor 15x5 propeller the 

deflection was almost 2.6 mm which is higher than both the photogrammetry and the DSLR results. 

These results, with the corresponding change in pitch angle as can be seen in Table 8. The pitch angle 

was approximated at the studied RPM from the leading and trailing edge coordinates and deflections, 

where a negative angle means that the leading edge has a lower out of plane deflection than the 

trailing edge. 

Table 8: Results from hover simulations for the two models 

Model RPM Out of plane deflection [mm] Change in pitch [degrees] 

DJI Phantom 3 – 
Experimental Material 

7500 5.20 0.23 

DJI Phantom 3 –  
Own Material 

7500 3.62 0.16 

T-motor 5500 2.57 0.31 
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7. Discussion 
This section aims to discuss and analyze the results and the whole project. It starts with a comparison 

of the different measurement results and their comparison to the theoretical models. After this the 

validity of the used theory is discussed followed by an evaluation of the measurement methods and 

an evaluation of the simulation model. By the end there is a discussion of recommended future work, 

the importance of the results and how they can be used in multicopter product development. 

To begin with, the different methods of measuring the out of plane deflection for the two type of 

blades provide a good chance to compare and evaluate said methods. When looking at the out of plane 

deflection of the DJI Phantom 3 blades the results of the tailored photogrammetry approach show that 

the general characteristic of the relation between the deflection and RPM is found both by the 

theoretical approach and the DSLR camera test. Also the deflection is within the same range for all 

methods, but the spread in data between the 5 propellers is much smaller for the photogrammetry. 

Hence it can be concluded that the linear to negative quadratic relation of deflection vs RPM for the 

studied range is reasonable.   

For the carbon fiber T-motor blade the results between the two methods do not correspond as well. 

First of all the results have some scatters. Secondly, the results for the lowest RPM were so small that 

it could not be guaranteed that the errors exceed the true values. It is however considered that the 

photogrammetry results for the higher RPM are more reliable due to the lower fidelity of the DSLR 

method for the T-motor blades.  It would also be more reasonable since the T-motor blades are much 

stiffer and should hence have a much smaller coning angle, where for the DSLR results the coning angle 

is almost a factor 2 higher. The correspondence with the theoretical results for the photogrammetry 

results are better, but due to lack of exact material properties and a high fidelity 3D scanned CAD 

model, the constants had more approximations than the DJI propellers. Two such approximations 

being the pitch angle and angle of attack at zero lift that were calculated from the CAD model, which 

in turn was modeled by using approximations of airfoils and angles. This all adds up to errors that 

slightly over predicts the theoretical values. The relation between the RPM and the out of plane 

deflection was nevertheless found to be more linear to positive quadratic. 

It should also be discussed how these results would look like in the lower ranges from zero to the 

staring sweep range of 2500 and 2000 RPM respectively. It is clear that at 0 RPM there is no deflection 

but the devolvement of it up to these values could point towards a more quadratic relation so that it 

then transfers to the more linear relation found in the measurements.  

When analyzing the individual results of the different methods it can for instance be seen that in the 

DSLR measurements some anomalies could be seen. The most noticeable is that the blade straightened 

out for DJI propeller 4 for RPM 3000 and 3500. Why that happened is not clear but it is suspected that 

the blade was not perfectly balanced, meaning they were wobbling on the motor, which resulted in a 

lower deflection value. The support for this theory is that there was a blurry double shadows in these 

photos. The performance data from the DSLR measurements show higher power usage for higher RPM 

for the plastic DJI blades 4, A and B. This means there should be a higher deflection at those, which is 

also seen in the results for propeller 4 and B. However, for propeller A the case is slightly different as 

all the values are shifted to higher deflection. It is suspected that the reason might be unbalance in 

this propeller together with how the points were extracted. On the other hand the photogrammetry 

results show higher values for propellers 4 and A, meaning that the measurements could be more 

sensitive than expected to surrounding conditions, such as temperature and air pressure. Another 

reason between the slight differences might be that the added targets and their relative positions 

might have some effect on the stiffness and aerodynamic properties of the blades. The results could 
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also point toward that the blades have such low quality that it will affect each run and position at which 

the measurement is taken. More about blade quality is discussed further down in this chapter.  

The photogrammetry results unfortunately have some anomalies as well. As mentioned in the results 

some measurements had to be excluded due to values being a factor 10 or higher too high for some 

targets at some photos. It is suspected that photos at some angles in combination with the used 

calibration and automated target numbering in the used software resulted in these inconsistencies. 

Another aspect could be the field of view of the cameras with the current setup that might have caused 

a too small angle towards the target normal at certain azimuths. Adjusting the camera positions might 

have improved the results. 

Continuing with the pitch angle results, it can be seen that the results have a more noticeable spread 

for all the DJI Phantom 3 blades. Even though there is a trend that the pitch angle between the leading 

and trailing edge decreases, the results of each blade have scatters of low and high values for the 

studied RPM. It is once again believed that this has partly to do with the calibration, azimuth angles at 

which the photos were taken and the target numbering problem. Another aspect here is that two 

targets were used for calculating the angle, meaning that the errors in both targets will combine to an 

even bigger error. Also, even though the standard error of the mean in low it does not necessarily 

mean that when combining the two targets, with rather small errors themselves, the resulting error 

will be small. If the error between the target location, due to among other things not optimal 

calibration, it will results in the calculated angles.  

For the T-motor blades there is not much change in pitch which is reasonable due to them being stiffer. 

However, the results show a small increase in pitch. This might be a measurement error, just as in the 

case of the DJI Phantom 3 propellers but it could also be the way there blades behave.  The first two 

values has a very large standard error of the mean, but that is suspected to partly be the result of the 

very small changes in displacements for these lower RPM that give an error due to the small angle 

changes. Hence it is recommended to first improve and reduce the measurement errors before any 

proper conclusions regarding the relation between change in pitch and RPM can be made for these 

types of propellers.  

It should be mentioned that the measured angles are very small due to the small distance between the 

leading and trailing edge in the plane but more importantly because of the even smaller out of plane 

distance. This means that even though the in plane distance was assumed to be unchanged, the 

smallest error in out of plane distance will affect the calculated change in pitch. If there then is even 

some small imbalance in the propellers, due to for example blade quality or small changes in air flow 

due to the experimental setup, the photos at different azimuths might have small differences in target 

out of plane location that gives rise to errors when calculating the change in pitch.  

Moving on, a lot can be said about the methods of measurements the studied blades themselves. The 

studied rotor blades had their difficulties both when it comes to geometry and the quality. The plastic 

DJI blades had the main problem of inconsistent quality, which was clearly seen in the results where 

five different blade were investigated and the difference in deflection could be up to 1 mm for the 

highest RPM. This is not entirely surprising that these cheap, mass produced blades might have 

differences in the mass distribution, balance and even outer geometry. This is clear in Figure 18 where 

the same blade was tested three times, with only somewhat different light settings, showed a spread 

of almost 0.5 mm in the results. For the composite T-motor blade the quality is assumed to be better, 

due to better material and higher price, but that could unfortunately not be confirmed as only one 

blade was tested.  
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Starting with the DSLR method it can be said that the method has rather low fidelity. There are many 

sources of error, such as data point extraction and sharpness of the photos, and the numerical errors 

from the data extraction program (about 0.13 mm with current calibration) were relatively high. The 

determination of a suitable experimental method was an iterative process, since fining good test 

conditions together with good photo quality for easier extraction was not obvious at the start. Even 

though a satisfactory method with good enough photos was achieved in the end, the way of choosing 

a data point would not be obvious due to a boundary of pixels between different objects. Eventually it 

was concluded that dark surroundings and one single bright light would work best for the plastic blade 

and a slightly lighter surrounding for the carbon fiber blade. This gave much better photos for the first 

case. For the second case it was still nearly impossible to see the contours of the blades at higher RPM, 

meaning that the extraction of data points had a lower fidelity and could have resulted in the higher 

values. It could also be noted in some of the photos that a second shadow was present. This could 

hence mean that the blades are not balanced, thus making some of the point extraction rather 

complicated. The situation was slightly better with the carbon fiber blades as their quality is over all 

better, yet at the same time the twist at the top made pinpointing the profile of the rotation disk 

harder. 

It can be concluded that the DSLR method is probably not the best for accurate measurements. Firstly, 

the deflection are rather small, meaning that the errors in calibration and data extraction reduce the 

fidelity of the method. Secondly, due to the manual way of extracting data, the results have a human 

error factor in them that will affect which points are chosen and could possibly also have some bias in 

them. Instead a more automated process is recommended with fixed target positions that are 

determined prior to the experiment, just as it is done in the photogrammetry method. Lastly, the speed 

of the camera, quality of the photos and the surrounding make all the difference when post processing 

the results, hence making the test quite hardware and condition dependent. Nevertheless, the method 

is still considered good enough to get a rough estimation of these kind of deflection for validation of a 

FE simulation. One improvement for future tests of this kind would be to mark a spot on the blades so 

that the data can be extracted from exact places. The reason for not doing that in this test was that 

the same blades are going to be used for other tests thus the desire to not create any permanent 

changes to them but also due to the same external trigger and target problems that occurred in the 

tailored photogrammetry. 

Regarding the photogrammetry, it can be concluded that the method is more suitable for deflection 

measurements than the DSLR method mainly due to the fact that the number of sources of error is 

limited and higher precision is possible. That is not to say that the method is perfect. It still has some 

artefacts that could be excluded if there was time to improve the methodology. The main 

improvement would be to actually receive a trigger pulse for the cameras at the exact same azimuth 

for all rotation speeds. That way the targets position could be steadier and hopefully reduce the noise 

in the measurements that made the change in pitch angle computations more challenging.  

Another issue that should be pointed out is the use of targets. In this approach quite a few targets 

were used since it was not known which points would be needed further on in the analysis. More 

targets, even though they are small, might affect the stiffness and aerodynamic properties and with 

the small margins of errors it might add up to the overall error. Depending on where the pitch needs 

to be calculated, the amount of targets could thus be reduced or even changed to laser grid targets 

that have less effect in the blades. Another aspect is that of the blade quality and balance. In this study 

it was desired to tell the two blades on each propeller apart and hence one of the blades had one or 

two extra targets to be able to tell them apart on the photos. Afterwards it was clear that this caused 

a small imbalance in the cheaper DJI propellers as one side had a slightly larger deflection than the 
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other. To avoid that in the future it is recommended to have the same number of targets but color at 

least one of them with a marker so that it won’t reflect the strobe light, hence showing different 

amount of targets in the photos. Another way could be to have different patterns on the two blades, 

but that again could cause small differences in the balance.  

One last comment on the photogrammetry method would be improvements of calibration.  Even 

though the calibration board was solid and rather exact, there were some practical difficulties of 

fastening it as planar as possible against the motor. Having in mind that all deformations are very small 

this might have some effect on the end results. Also to improve the fidelity further, it could be 

beneficial to compensate for any lens distortion that might be present, especially at the borders of the 

photogrammetry. This was unfortunately thought of too late and there was not enough time to include 

it in the post processing. 

If the VSTARS system can be updated to allow for tracking the targets in larger regions of interests or 

if it can be incorporated with a 1 per revolution trigger the system, the method shows good potential 

for being used for these types of measurements. The high fidelity, good precision simple measurement 

set up along with live results is clearly beneficial. The main advantage would be saving time of post 

processing the results that are very time consuming for the tailed method if more measurements are 

needed to get statistical samples.   

The theory used in this thesis, was as pointed out in the beginning, developed for helicopters and it 

should thus be considered what the validity region of this theory is. The theory is clearly applicable to 

helicopters but neither Johnson [26] nor Leishman [25] mention its validity for smaller applications. 

One problem is that the helicopter blades usually have hinges and swashplates, something that the 

multicopter rotors do not have. The blades of multicopters are also much smaller and are rigidly 

attached to the hub, while the geometry itself is more complex. Nevertheless, the general equations 

of motions are still valid but the authors use several approximations, such as constant chord length, 

symmetric airfoil and constant rate of change in twist, to simplify the equations and get analytical 

equations. The questions is then how valid these simplifications are for the geometry and properties 

of multicopter blades that have neither of those characteristic. In the presented case there was a 

compensation for the cambered airfoils it will only be as good as the airfoils of the CAD model were 

studied in XFOIL. Yet another problem is the very low Reynolds number. It is usually considered 

problematic when it is below 100 000 but in this case it goes as low as 30 000 for the lower RPM. This 

will clearly affect the angle of attack at zero lift that is needed for the coning angle and the lift 

distribution. Also, the lift theory might have its limits for such low Reynolds numbers, therefore 

possibly resulting in the lower theoretical lift. The non-dimensional frequency was for example also 

approximated from the helicopter theory. This is clearly not the perfect approximation, but it gives a 

range of where the results should be and should as such be seen as a guideline. Another aspect is that 

the theory neglects blade weight moments and tip losses that are present in the real cases of blade 

motion. There is theory that takes these effect into account but it was considered an acceptable 

assumptions due to the low weight and fast tip speeds of the multicopter blades. It is hence possible 

that a more exact model could have been better to use, however the complex geometry and unknown 

mass distribution of the blades made such calculation too complicated. Therefore it needs to be kept 

in mind that the theory is not perfectly adjusted for multicopter UAS for now.   

For the FEA simulations only one model was tested. It was considered to include the main forces acting 

on the blades as well as the proper boundary conditions. However as could be seen in the results, the 

models over predicted the out of plane deflection and always resulted in a positive change in pitch, 

which was not observed in the photogrammetry measurements. This even though the theoretical lift 

was lower than the output from the performance measurements from the DSLR method in both cases. 
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If that has to do with the validity of the lift theory or the parameters extracted from the CAD models 

is hard to conclude without further test. It should, nevertheless, be noted that the model 

overestimates the out of plane deflection even more with this in mind. On the other hand, changing 

the model to a large deflection test was not considered valid since the deformations without it were 

well within the bounding box of the CAD models.  

Another aspect to keep in mind is the choice of material properties for the DJI propellers. It could very 

well be that the material tests that were performed to estimate the material properties had sources 

of error that affected the outcome. One clear problem was the non-symmetric geometry where the 

cross sections changed. The tabs were another problem as the geometry demanded usage of more 

adhesive material just to fill out the space and get parallel tabs. If the adhesive that did not fasten as 

well as hoped for to the test specimen, due to problems with thermoplastic and thermoset bonding, it 

might also add to a potential error. Even though great care was put into avoiding sources of errors, all 

of these things might affect the tensile test, which might have resulted in some small sliding or even 

shearing if everything was not perfectly aligned. That in turn could explain the lower than expected 

elastic modulus of 6.5 GPa as the deformation would be higher for a smaller load. If that is the case is 

not possible to determine other than to say that the true elastic modulus most likely has a lower bound 

of 6.5 GPa, but is closer to the 9.5 GPa predicted by the simulations.  

In the case of the carbon fiber the model had a large error when predicting 2.5 mm while it only was 

1.1 mm in the photogrammetry results. Two possible sources of error are the estimated material 

properties and the software itself. It is fairly known that ANSYS is not ideal for modelling 3D composites 

with such a complex 3D geometry. Even though element orientation was applied, the 3D structure of 

a plain composite weave might not have translated as well as it was hoped for, possibly due to the 

simplification where the in plane and out of plane material properties were defined.  

The used model hence overestimates the out of plane deflection and overestimates the change in pitch 

to a positive value. An improvement would clearly be to perform a CFD analysis to compare if the 

calculated theoretical lift contains errors and to use a smoother lift distribution. Unfortunately due to 

lack of knowledge within that area and a limited time frame of the project, such an analysis could not 

be performed. It is also possible that an extended material model or another non-dedicated 

commercial software could give better results for the carbon fiber blades. If that was the case then 

more enthusiasts with access to such non-dedicated software could test their blades fairly easy. 

Otherwise it has to be said that dedicated software is most likely more desirable for simulations like 

these and should be tested to see if it can predict the deformations of these geometrically more 

challenging rotors.  

To summarize this evaluation it is clear the methods and theory for analyzing rotor blades need 

revision and improvement. All the drawbacks of the models that were discussed herein point to that 

conclusion. It is also recommended to investigate into is how the blades behave in other modes than 

hover, for example forward flight. That way the structural properties can be understood even better. 

Hopefully such a test could then take into account the proposed improvements in the methods to 

obtain even more reliable results.  

Another clear next step in analyzing these rotor blade would be to try out some of the new dedicated 

software that include the 3D structural analysis, such as X3D. To get a good correspondence the code 

should be tested in a static load mode and in the built in hover mode, which could then to be compared 

to the results obtained in this report. Yet, it must be pointed out that due to the early stage of 

development the X3D software, the fidelity of the code for all different applications and the 

implementation of the different flight modes might still have some shortcomings. Nevertheless, the 
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code shows good fidelity on the configurations that have been tested and it is continuously being 

tested and improved. It is consequently not too bold to say that once it is complete, it will clearly 

contribute in the field of rotor craft analysis and together with similar codes provide an easy and 

reasonably cheap way of evaluating a product in in early stages of its development. That way 

multicopters with dedicated field of use could have improved performance and be optimized to their 

purpose. Moreover the general operational envelope of UAS could be increased, hence providing 

better products. As said in the beginning, multicopter UAS have some clear advantages and can be 

very helpful in several aspects including projects where medicine and supplies need be delivered to 

isolated catastrophe areas or to reduce use of fossil fuels in fast deliveries. The benefits for society are 

thus great if used correctly. 
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8. Conclusion 
In this thesis the relation between rotor blade deformation and RPM has been studied in hover mode 

for two types of commercially available UAS multicopter propellers. It can be concluded that 

performing measurements on such small, fast moving and geometrically complicated parts is 

challenging and easily give rise to problems with accuracy and which methods could be used. The 

deformations are very small compared to the geometry of the product, meaning that high precision 

and exclusions of as many numerical and human errors as possible is necessary. One of the main 

conclusions of this study is photogrammetry is the preferred method with more reliability and less 

sources of error while the DSLR method could possibly be used for estimating the magnitude of the 

out of plane deflection However, to get higher fidelity of the change in pitch angle results the 

photogrammetry methods needs improvements in form of target choice, better camera triggers for 

measurements at consistent azimuth, field of view adjustment and calibration. 

For the plastic DJI Phantom 3 propellers the out of plane deflection from both measurements and 

theory show a linear to negative quadratic relation for a sweep between 2500 to 8500 RPM. The 

maximum deflection at 7500 RPM was found to be around 3.7 mm for both measurement types 

resulting in a coning angle of about 1.6 degrees which is fairly comparable to the theoretical value of 

1.75 degrees. The change in pitch showed a tendency of decreasing angle. For the carbon fiber 

composite T-motor 15x5 propeller the out of plane deflection showed a linear to positive quadratic 

relation, but more scatter and errors were present in the measurements.  The maximum out of plane 

deflection at 5000 RPM was about 1.1 mm found by the photogrammetry which gives a coning angle 

that is just slightly lower than the theoretical angle. The change in pitch kept an almost constant angle.  

The simulation showed that the used model is unfortunately not good enough to provide reliable 

results. The theory underestimated the lift and still gave an out of plane deflection that was slightly 

bigger than the measured results. The change in pitch was overestimated as well and resulted in all 

cases in an increased pitch angle, which is the opposite of the trend shown in the photogrammetry 

results. For the DJI Phantom 3 propellers the results were a bit more consistent with the measured 

deflection, at least for one of the material models. A more thorough model with a CFD analysis is 

needed for more reliable results and possibly even a need to use software dedicated to rotorcraft 

analysis.  
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Appendix A – FEA Convergence Study 
Convergence studies were performed for the FE studies. All studies show how the inverse of the 

number of elements correspond to chosen displacements with an interpolated value from the last 

measured point to an infinite number of elements for which a mesh error is estimated. Figure 29 shows 

the convergence for the static bending test for the DJI propeller and yields an error of < 1%.  Figure 

30 shows the convergence study for the hover study for the DJI propeller while Figure 31 depicts the 

study for the T-motor propeller. The corresponding errors are 1.2% and 1.8%. 

 
Figure 29: Convergence study of static bending test, DJI Phantom 3 propeller 

 
Figure 30: Convergence study of hover simulation – DJI Phantom 3 propeller 

 
Figure 31: Convergence study of hover simulation – T-motor 15x5 propeller  
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Appendix B – Numerical Results DSLR Camera Measurements 
Below follow the numerical results from the DSLR Camera measurements, including both the out of 

plane deflection and the corresponding coning angle for comparison with analytical solutions. Table 9 

presents the deflection and the coning angle for the single test of the carbon fiber T-motor blade.  

Following that, Table 10 present the individual results from the plastic DJI Phantom 3 propeller 1 

done during 3 separate test runs. Table 11 and Table 12 show the results from the third and final test 

run for the 5 studied DJI propellers.  

Table 9: Deflection [mm] and coning angle [degrees] results from DSLR camera test for T-motor propeller. 

RPM 2000 2500 3000 3500 4000 4500 5000 

Deflection 0.22 0.46 0.02 1.44 1.39 1.62 1.87 

Coning Angle 0.11 0.22 0.01 0.69 0.67 0.77 0.89 

 

Table 10: Deflection [mm] and coning angle [degrees] results from DSLR camera test for DJI propeller 1. 

RPM 
Run 1 – 

Deflection 
Run 2 –

Deflection 
Run 3 –

Deflection 
Run 1 – 

Coning angle 
Run 2 – 

Coning angle 
Run 3 – 

Coning angle 

2500 0.10 0.59 0.89 0.05 0.28 0.42 

3000 1.14 0.73 1.18 0.55 0.35 0.56 

3500 1.43 1.32 1.48 0.68 0.63 0.71 

4000 1.91 1.46 1.62 0.91 0.70 0.78 

4500 2.19 2.05 2.36 1.05 0.98 1.13 

5000 2.38 2.49 2.36 1.14 1.19 1.13 

5500 2.38 2.63 2.66 1.14 1.26 1.27 

6000 2.77 2.78 2.95 1.32 1.33 1.41 

6500 2.29 3.07 3.40 1.09 1.47 1.62 

7000 3.05 3.36 3.40 1.46 1.61 1.62 

7500 2.86 3.51 3.69 1.37 1.68 1.76 

8000 3.43 3.51 3.99 1.64 1.68 1.90 

8500 3.53 3.80 3.99 1.68 1.81 1.90 

 

Table 11: Out of plane deflection [mm]  results from DSLR camera test for DJI propellers 1-5.  

RPM Prop 1 Prop 4 Prop A Prop B Prop C Mean 
Standard 

Mean Error 

2500 0.89 1.33 0.59 0.42 0.43 0.73 0.17 
3000 1.18 1.62 0.59 1.16 0.73 1.06 0.18 

3500 1.48 1.92 0.15 1.61 0.88 1.21 0.31 

4000 1.62 2.07 1.48 1.75 1.47 1.68 0.11 
4500 2.36 2.66 1.77 2.19 1.91 2.18 0.16 
5000 2.36 2.95 2.07 2.63 2.35 2.47 0.15 
5500 2.66 3.25 2.51 2.92 2.49 2.77 0.14 

6000 2.95 3.54 2.66 3.21 2.79 3.03 0.16 

6500 3.40 3.84 2.81 3.50 2.93 3.30 0.19 
7000 3.40 4.14 2.95 3.51 3.23 3.44 0.20 
7500 3.69 4.28 3.40 3.80 3.48 3.73 0.16 

8000 3.99 4.43 3.40 4.23 3.66 3.94 0.19 

8500 3.99 4.58 3.69 4.38 3.81 4.08 0.17 
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Table 12: Coning angle [degrees]  results from DSLR camera test for DJI propellers 1-5 . 

RPM Prop 1 Prop 4 Prop A Prop B Prop C Mean 
Standard 

Mean Error 

2500 0.42 0.63 0.28 0.20 0.21 0.35 0.08 
3000 0.56 0.78 0.28 0.56 0.35 0.51 0.09 

3500 0.71 0.92 0.07 0.77 0.42 0.58 0.15 

4000 0.78 0.99 0.71 0.84 0.70 0.80 0.05 
4500 1.13 1.27 0.85 1.04 0.91 1.04 0.08 
5000 1.13 1.41 0.99 1.25 1.12 1.18 0.07 
5500 1.27 1.55 1.20 1.39 1.19 1.32 0.07 

6000 1.41 1.69 1.27 1.53 1.33 1.45 0.08 

6500 1.62 1.83 1.34 1.67 1.40 1.57 0.09 
7000 1.62 1.97 1.41 1.67 1.54 1.64 0.09 
7500 1.76 2.04 1.62 1.81 1.66 1.78 0.07 

8000 1.90 2.11 1.62 2.02 1.75 1.88 0.09 

8500 1.90 2.18 1.76 2.09 1.82 1.95 0.08 
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Appendix C – Numerical Results Photogrammetry  
The numerical out of plane deflection results at the tip from each blade test acquired with the help of 

photogrammetry can be found in Table 13 to Table 18 below. Table 13 shows the results for the single 

T-motor blade that was tested.  Next Table 14 to Table 18 corresponds to DJI Phantom propellers 

number 1, 4, A, B and C respectively. Table 19 to Table 24 shows the results from the change in pitch 

in the same order as the displacement table. The pitch angle change was calculated at the second 

target pair, more precisely targets at leading edge and trailing edge about 15 mm from the tip.  

Table 13: Results of out of plane deflection at leading edge and tip of blade from photogrammetery test for T-motor blade. 

RPM Take 1 Take 2 Take 3 Take 4 Take 5 Mean 
Standard Mean 

Error 

2000 0.19 -0.18 0.20 -0.89 -0.70 -0.28 0.20 

2500 0.10 0.08 0.15 0.15 - 0.12 0.02 

3000 0.77 0.77 0.77 -2.83 0.70 0.04 0.64 

3500 0.64 0.70 0.73 0.69 0.69 0.69 0.01 

4000 0.46 0.50 0.40 0.53 0.63 0.51 0.03 

4500 0.48 0.46 0.43 0.44 0.42 0.44 0.01 

5000 1.08 1.14 1.12 1.13 1.15 1.12 0.01 

5500 1.24 1.31 1.41 1.39 1.38 1.35 0.03 

 
Table 14: Results of out of plane deflection at leading edge and tip of blade from photogrammetery test for DJI Phantom 3 
propeller 1. 

RPM 
Take 

1 
Take 

2 
Take 

3 
Take 

4 
Take 

5 
Take 

6 
Take 

7 
Take 

8 
Mean 

Standard 
Mean Error 

2500 0.86 0.83 0.87 0.81 0.86 0.82 0.86 0.87 0.85 0.01 

3000 1.23 1.21 1.32 1.27 1.29 1.26 1.17 1.25 1.25 0.02 

3500 1.54 1.44 1.35 1.45 1.39 1.53 1.47 1.38 1.44 0.02 

4000 - - - - - - - - - - 

4500 2.23 2.30 2.27 2.25 2.25 2.37 2.48 2.48 2.33 0.03 

5000 2.62 2.66 2.68 2.62 2.64 2.63 2.53 2.59 2.62 0.02 

5500 2.94 2.96 2.97 2.93 2.95 3.00 2.96 2.96 2.96 0.01 

6000 3.23 3.25 3.24 3.15 3.10 3.16 3.11 3.23 3.18 0.02 

6500 3.14 3.16 3.21 3.19 3.15 3.14 3.16 3.09 3.15 0.01 

7000 3.60 3.60 3.60 3.68 3.71 3.72 3.62 3.68 3.66 0.02 

7500 3.48 3.36 3.42 3.43 3.46 3.51 3.40 3.42 3.43 0.02 

 
Table 15: Results of out of plane deflection at leading edge and tip of blade from photogrammetery test for DJI Phantom 3 
propeller 4. 

RPM 
Take 

1 
Take 

2 
Take 

3 
Take 

4 
Take 

5 
Take 

6 
Take 

7 
Take 

8 
Mean 

Standard 
Mean Error 

2500 0.84 0.87 0.87 0.92 0.85 0.83 0.82 0.82 0.85 0.01 

3000 1.19 1.14 1.14 1.17 1.05 1.17 1.12 1.15 1.14 0.01 

3500 1.38 1.41 1.32 1.35 1.32 1.36 1.34 1.41 1.36 0.01 

4000 1.80 1.79 1.88 1.79 1.86 1.77 1.79 1.89 1.82 0.02 

4500 2.11 2.07 2.11 2.08 2.08 2.08 2.15 2.21 2.11 0.02 

5000 2.31 2.35 2.39 2.32 2.26 2.31 2.26 2.29 2.31 0.02 

5500 2.97 3.00 2.90 2.96 2.92 2.96 2.94 2.97 2.95 0.01 

6000 2.80 2.89 2.83 2.87 2.87 2.87 2.81 2.85 2.85 0.01 

6500 3.07 3.00 2.99 3.08 3.06 3.14 3.09 3.03 3.06 0.02 

7000 3.15 3.12 3.15 3.12 3.17 3.14 3.17 3.20 3.15 0.01 

7500 3.51 3.46 3.43 3.46 3.45 3.55 - - 3.48 0.02 



40 
 

Table 16: Results of out of plane deflection at leading edge and tip of blade from photogrammetery test for DJI Phantom 3 
propeller A. 

RPM 
Take 

1 
Take 

2 
Take 

3 
Take 

4 
Take 

5 
Take 

6 
Take 

7 
Take 

8 
Mean 

Standard 
Mean Error 

2500 0.88 0.86 0.77 0.86 0.82 0.84 0.74 0.81 0.82 0.02 

3000 1.13 1.11 1.07 1.13 1.21 1.10 1.13 1.13 1.13 0.01 

3500 1.45 1.35 1.40 1.46 1.38 1.39 1.41 1.46 1.41 0.01 

4000 1.89 1.74 1.82 1.76 1.76 1.69 1.7 1.72 1.76 0.02 

4500 2.58 2.54 2.53 2.54 2.57 2.53 2.55 2.56 2.55 0.01 

5000 2.44 2.46 2.41 2.40 2.43 2.42 2.49 2.44 2.43 0.01 

5500 2.96 2.90 3.01 2.97 2.95 2.97 2.96 2.95 2.96 0.01 

6000 2.86 2.91 2.98 2.94 2.96 2.93 2.96 2.88 2.93 0.01 

6500 3.32 3.32 3.32 3.35 3.30 3.40 3.40 3.37 3.35 0.01 

7000 3.49 3.46 3.51 3.45 3.43 3.48 3.39 3.46 3.46 0.01 

7500 3.83 3.77 3.77 - - - - - 3.79 0.02 

 

Table 17: Results of out of plane deflection at leading edge and tip of blade from photogrammetry test for DJI Phantom 3 
propeller B. 

RPM 
Take 

1 
Take 

2 
Take 

3 
Take 

4 
Take 

5 
Take 

6 
Take 

7 
Take 

8 
Mean 

Standard 
Mean Error 

2500 0.82 0.76 0.80 0.70 0.81 0.80 0.83 0.82 0.79 0.01 

3000 1.13 1.06 1.03 0.98 1.04 1.06 1.05 1.15 1.06 0.02 

3500 1.42 1.39 1.45 1.60 1.58 1.44 1.47 1.42 1.47 0.03 

4000 1.83 1.82 1.82 1.91 1.80 1.92 1.73 1.89 1.84 0.02 

4500 - - - - - - - - - - 

5000 2.58 2.63 2.55 2.55 2.58 2.55 2.57 2.67 2.58 0.02 

5500 2.99 3.01 2.96 2.93 2.92 2.93 2.97 2.96 2.96 0.01 

6000 2.76 2.85 2.80 2.83 2.71 2.70 2.78 2.62 2.76 0.03 

6500 3.52 3.48 3.53 3.42 3.48 3.50 3.54 - 3.50 0.01 

7000 3.73 3.71 3.74 3.77 3.70 3.70 3.74 3.73 3.73 0.01 

7500 3.94 3.99 3.97 3.90 4.01 4.00 3.99 4.01 3.98 0.01 

 

Table 18: Results of out of plane deflection at leading edge and tip of blade from photogrammetry test for DJI Phantom 3 
propeller C. 

RPM 
Take 

1 
Take 

2 
Take 

3 
Take 

4 
Take 

5 
Take 

6 
Take 

7 
Take 

8 
Mean 

Standard 
Mean Error 

2500 - - - - - - - - - - 

3000 1.31 1.37 1.35 1.35 1.39 1.35 1.30 1.27 1.34 0.01 

3500 1.52 1.52 1.53 1.46 1.49 1.43 1.45 1.46 1.48 0.01 

4000 1.87 1.90 1.92 1.86 1.89 1.90 1.88 1.91 1.89 0.01 

4500 2.14 2.09 2.16 2.21 2.21 2.23 2.19 2.20 2.18 0.03 

5000 2.32 2.28 2.25 2.35 2.31 2.29 2.30 2.33 2.30 0.01 

5500 2.73 2.75 2.66 2.69 2.65 2.67 2.69 2.76 2.70 0.01 

6000 - - - - - - - - - - 

6500 3.20 3.21 3.28 3.18 3.24 3.17 3.23 3.22 3.22 0.01 

7000 3.17 3.10 3.11 3.15 3.14 3.28 3.14 3.17 3.16 0.02 

7500 3.78 3.80 3.75 - - - - - 3.78 0.01 
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Table 19: Results of change in pitch angle at leading edge and 15 mm from the tip of the blade aqcuired with 
photogrammetery test for T-motor propeller. 

RPM Take 1 Take 2 Take 3 Take 4 Take 5 Mean 
Standard Mean 

Error 

2000 1.16 -0.41 1.54 0.14 -0.37 0.41 0.40 

2500 0.01 0.41 -0.34 0.08 0.16 0.06 0.12 

3000 0.09 0.21 0.08 0.04 0.11 0.11 0.03 

3500 0.21 0.14 0.02 0.04 -0.01 0.08 0.04 

4000 0.10 0.06 0.12 0.13 -0.02 0.08 0.03 

4500 -0.07 -0.03 0.10 0.22 0.10 0.06 0.05 

5000 0.13 0.28 0.18 0.20 0.27 0.21 0.03 

5500 0.15 0.30 0.21 0.10 0.04 0.16 0.04 

 

Table 20: Results of change in pitch angle at leading edge and 15 mm from the tip of the blade acquired with 
photogrammetry test for DJI Phantom 3 propeller 1. 

RPM 
Take 

1 
Take 

2 
Take 

3 
Take 

4 
Take 

5 
Take 

6 
Take 

7 
Take 

8 
Mean Standard 

Mean Error 

2500 -0.40 -0.27 -0.03 -0.20 -0.07 -0.43 -0.20 -0.13 -0.22 0.05 

3000 -0.07 -0.06 0.16 -0.11 0.08 -0.05 0.24 0.12 0.04 0.05 

3500 -0.21 -0.26 -0.64 -0.09 -0.45 -0.41 -0.22 -0.40 -0.34 0.06 

4000 - - - - - - - - - - 

4500 -0.18 -0.35 -0.38 -0.48 -0.41 -0.41 -0.54 -0.54 -0.41 0.04 

5000 -0.55 -0.41 -0.38 -0.74 -0.80 -0.47 -0.63 -0.48 -0.56 0.06 

5500 -0.35 -0.44 -0.44 -0.39 -0.34 -0.46 -0.41 -0.35 -0.40 0.02 

6000 -0.20 -0.61 -0.54 -0.50 -0.56 -0.60 -0.31 -0.52 -0.48 0.05 

6500 -0.53 -0.83 -0.85 -0.61 -0.70 -0.63 -0.77 -0.72 -0.70 0.04 

7000 -0.84 -0.74 -0.81 -0.76 -1.06 -0.69 -0.64 -0.95 -0.81 0.05 

7500 -0.72 -0.82 -0.93 -0.68 -0.84 -0.74 -0.84 -0.74 -0.79 0.03 

 

Table 21: Results of change in pitch angle at leading edge and 15 mm from the tip of the blade acquired with 
photogrammetry test for DJI Phantom 3 propeller 4. 

RPM 
Take 

1 
Take 

2 
Take 

3 
Take 

4 
Take 

5 
Take 

6 
Take 

7 
Take 

8 
Mean Standard 

Mean Error 

2500 0.29 0.40 0.27 0.02 0.19 0.02 -0.03 0.17 0.17 0.05 

3000 -0.11 -0.27 -0.04 -0.04 -0.01 0.16 -0.11 0.08 -0.04 0.05 

3500 -0.57 -0.28 -0.56 -0.17 -0.24 -0.46 -0.28 -0.32 -0.36 0.05 

4000 -0.52 -0.51 -0.51 -0.38 -0.54 -0.55 -0.55 -0.49 -0.51 0.02 

4500 -0.44 -0.62 -0.47 -0.77 -0.67 -0.59 -0.66 -0.85 -0.63 0.05 

5000 -0.06 -0.28 -0.25 -0.27 -0.04 0.08 -0.29 -0.31 -0.18 0.05 

5500 -0.33 -0.63 -0.61 -0.83 -0.70 -0.90 -0.62 -0.52 -0.65 0.06 

6000 -0.56 -0.24 -0.23 -0.25 -0.01 -0.13 -0.10 -1.63 -0.39 0.19 

6500 -0.63 -0.53 -0.55 -0.92 -0.77 -0.92 -0.89 -0.59 -0.73 0.06 

7000 -0.47 -0.58 -0.71 -0.46 -0.32 -0.74 -0.63 -0.72 -0.58 0.05 

7500 -0.28 -0.79 -0.58 -0.91 -0.53 -0.48 - - -0.60 0.09 
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Table 22: Results of change in pitch angle at leading edge and 15 mm from the tip of the blade acquired with 
photogrammetry test for DJI Phantom 3 propeller A. 

RPM 
Take 

1 
Take 

2 
Take 

3 
Take 

4 
Take 

5 
Take 

6 
Take 

7 
Take 

8 
Mean Standard 

Mean Error 

2500 0.53 0.22 0.21 0.11 -0.09 0.45 0.09 0.09 0.20 0.07 

3000 0.26 0.09 -0.03 0.08 0.17 0.37 0.29 0.25 0.19 0.05 

3500 -0.27 -0.46 -0.29 -0.42 -0.37 -0.40 -0.34 -0.50 -0.38 0.03 

4000 -0.03 0.11 -0.23 -0.38 -0.27 0.02 -0.07 -0.03 -0.11 0.06 

4500 -0.18 0.10 -0.14 0.08 0.10 0.14 0.02 -0.11 0.00 0.05 

5000 -0.45 -0.14 -0.17 -0.32 -0.25 0.08 -0.14 -0.04 -0.18 0.06 

5500 -0.20 -0.15 -0.21 -0.08 -0.12 -0.01 -0.20 -0.36 -0.17 0.04 

6000 -0.68 -0.44 -0.24 -0.43 -0.65 -0.35 -0.53 -0.36 -0.46 0.05 

6500 -0.58 -0.39 -0.40 -0.49 -0.65 -0.67 -0.71 -0.21 -0.51 0.06 

7000 -0.37 -0.60 -0.30 -0.29 -0.56 -0.61 -0.47 -0.38 -0.45 0.05 

7500 -0.32 -0.36 -0.45 -0.59 - - - - -0.43 0.06 

 

Table 23: Results of change in pitch angle at leading edge and 15 mm from the tip of the blade acquired with 
photogrammetry test for DJI Phantom 3 propeller B 

RPM 
Take 

1 
Take 

2 
Take 

3 
Take 

4 
Take 

5 
Take 

6 
Take 

7 
Take 

8 
Mean Standard 

Mean Error 

2500 0.03 -0.39 0.02 -0.21 0.12 -0.25 -0.30 - -0.14 0.07 

3000 -0.26 -0.08 -0.51 -0.29 -0.09 -0.10 -0.12 -0.43 -0.23 0.06 

3500 -0.02 -0.15 0.12 -0.07 -0.14 -0.03 -0.20 -0.08 -0.07 0.04 

4000 -0.42 -0.46 -0.30 -0.41 -0.37 -0.50 -0.49 -0.12 -0.38 0.04 

4500 - - - - - - - - - - 

5000 -0.03 -0.02 -0.10 -0.17 0.13 -0.12 0.01 0.01 -0.04 0.03 

5500 1.84 1.93 1.83 1.64 1.85 1.70 1.87 1.72 1.80 0.04 

6000 -0.17 -0.52 -0.42 -0.33 -0.33 -0.44 -0.78 -0.41 -0.43 0.06 

6500 -0.44 -0.35 -0.24 0.80 -0.72 -0.49 -0.54 - -0.28 0.19 

7000 -0.47 -0.59 -0.24 -0.36 -0.11 -0.44 -0.26 -0.08 -0.32 0.06 

7500 -0.29 -0.59 -0.49 -0.30 -0.47 -0.42 -0.42 -0.61 -0.45 0.04 

 

Table 24: Results of change in pitch angle at leading edge and 15 mm from the tip of the blade acquired with 
photogrammetry test for DJI Phantom 3 propeller C. 

RPM 
Take 

1 
Take 

2 
Take 

3 
Take 

4 
Take 

5 
Take 

6 
Take 

7 
Take 

8 
Mean Standard 

Mean Error 

2500 - - - - - - - - - - 

3000 -0.10 -0.16 -0.30 -0.07 -0.19 -0.28 -0.30 -0.25 -0.21 0.03 

3500 -0.10 0.19 -0.28 0.13 0.18 -0.10 -0.04 -0.09 -0.01 0.06 

4000 -0.30 -0.38 -0.40 -0.42 -0.47 -0.27 -0.35 -0.33 -0.37 0.02 

4500 0.25 0.26 -0.16 0.04 0.12 -0.20 -0.05 0.21 0.06 0.06 

5000 -0.04 -0.16 -0.10 0.09 -0.02 -0.02 -0.04 0.01 -0.04 0.03 

5500 -0.02 0.00 -0.17 -0.12 -0.38 -0.21 -0.16 -0.11 -0.15 0.04 

6000 - - - - - - - - - - 

6500 -0.26 -0.24 -0.33 -0.10 -0.16 -0.38 -0.22 0.00 -0.24 0.04 

7000 -0.27 -0.61 -0.53 -0.53 -0.37 -0.35 -0.60 -0.63 -0.49 0.05 

7500 -0.93 -0.52 -0.70 - - - - - -0.72 0.12 
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Appendix D – Performance Results  
During the DSLR camera tests, the performance of the propellers was recorded with a 6 degrees of 
freedom load cell. The main interest was the out of plane force which can roughly be an indicator of 
how much lift is generated for each RPM. This total lift was then used to compare the out of plane 
defection, to see how much a single blades performance affects the total deflection.  

Figure 32 below depicts the out of plane force as a function of measuring points. The measuring points 
1 and 18 are the static points, points 2 and 17 are the housekeeping points at 5300 RPM while points 
3 to 16 correspond to the RPM of 2500 to 8500 with a step of 500 respectively. Housekeeping points 
were added to check if there was any float in the load due to heating up of the load cell. The 
performance results below are only for run 3 where 5 DJI Phantom 3 blades were tested and compared. 

 
Figure 32: Performance measurements for the 5 DJI Phantom 3 propellers. 

Figure 33 below shows the out of plane force as a function of measuring points for the T-motor 
propeller. Points 1 and 11 are the static points, points 2 and 10 are the housekeeping points at 3300 
RPM while points 3 to 9 correspond to the RPM of 2000 to 5000 with a step of 500 respectively. 

 
Figure 33: Performance measurements for T-motor 15x5 propeller. 


