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Abstract: 

This project aims to design and test 3D printed propellers for drone applications. Through a 

self-developed iterative design process utilising MIT’s QMIL program, this project hope to increase the 

power transmission efficiency of propeller designs. Currently the most efficient propeller design (55% 

efficient) is an improvement on the default propeller (28% efficient) by about 27%. This design is at the 

tail end of a promising upward trend in efficiency. This procedure was effective in quickly producing and 

testing propeller designs. 

Intro: 

The field of drone design has seen large amounts of grown recently due to improved technology 

that is available at the consumer level. This technology is not only impactful for hobbyists who race and 

fly their drone as a pastime, but it has also revealed new possibilities in filmmaking, surveillance, as well 

as environmental and land data collection. One exciting application of drone technology is automotive 

delivery. With a large enough drone, and a well engineered system, the delivery of packages can be 

completely automated, allowing for both a possible reduction in fossil fuel emissions (dependant on the 

power consumption of the drones a the source of their power), and a reduction of delivery times. In 2012 

Amazon announced a service called Amazon Prime Air that aims to achieve exactly this.  1

Of the many working parts of a drone, its propellers are an interesting area of consideration. A 

deceivingly simple, yet surprisingly complex fluid mechanics problem, the question of how to convert 

power into thrust has been the subject of heavy consideration by countless engineers since the beginning 

of the 20th century. This project aims to utilize this long history of engineering focus to investigate the 

efficiencies of various small scale propeller designs. In the case of Amazon’s aim to create a large 

1 "Prime Air." Amazon. Accessed April 12, 2019. 
https://www.amazon.com/Amazon-Prime-Air/b?ie=UTF8&node=8037720011. 



network of delivery drones, any increase in efficiency, even a small increase, will yield substantial 

benefits due to size of the system.  

This project also aims to investigate the feasibility of utilizing 3d printing technology in the 

creation of drone propellers. If successful this connection will allow for a decentralization of the creation 

of drone propellers, further enabling consumers to customize and apply their own ideas to their drones. 

3D printing technology could have implications for large scale systems as well, allowing parts to be 

manufactured easily without the need of an external company. 

 

Theory: 

This project requires the development of both a testing apparatus as well as the blades 

themselves. The blades will be designed in conjunction with theory set forth in Fred Ernest Weick’s 

“aircraft propeller design” and Brian David Rutkay’s “A Process for the Design and Manufacture of 

Propellers for Small Unmanned Aerial Vehicles”. The goal of this comparative analysis is to determine 

the effects of altering these design parameters for small scale applications.  

Design Theory: 

As the field of aircraft propeller design has been thoroughly investigated throughout the past 

century, this project will ground itself in previous research to increase its feasibility and its probability 

success. A propeller blade can be considered as an extrusion of an airfoil. Along the length of the blade 

certain aspects of the propeller vary. In “aircraft propeller design”  Weick outlines several blade 

variables to be considered in blade design: number of blades, Pitch/Angle of attack (beta) distribution. 

chord width, airfoil geometry. In Figure 1.1, theta is the pitch angle, alpha is the relative angle of attack, 

Vinf is the  tangential air velocity, Vr is the radial air velocity,  DT is the induced thrust, Dl is the induced 

lift, Dd is the induced drag and Dq is the induced torque.  

  



Figure 1.1: Airfoil Characteristics  2

 

The simplest blade will hold all these values constant relative to its radial position, producing a 

straight and rectangular blade form. Though the RPM is constant, the Vr increases toward the tip of the 

blade due to the rotation of the blade (V= wr) while Vinf remains constant, thus changing alpha and 

affecting the Dl and Dd values. In order to produce an optimal blade design, the chord length, and the 

pich must vary in r to maximize thrust and lift and minimize drag and induced torque. In addition to 

varying the pitch and chord sizes, Rutgay suggests that the airfoil geometry be varied in r with thinner 

airfoils toward the tip of the blade due to the high mach number, and thicker airfoils toward the base for 

strength.  

In order to approach this incredibly complex system, QPROP/QMIL, a pair of propeller analysis 

and design programs developed by MIT were utilized. Given information about the geometry of a blade 

and environmental factors, QPROP simulates and analyzes the airflow around a propeller using 

differential analysis, providing the user with information about drag, lift, and general performance. QMIL 

essentially performs the inverse. QMIL produces a blade design provided with intended power output, 

2 Wilhelm, Jay, and Gina M. Eberhart. "Development of a Ground Effect BEMT Analysis Method for Multirotor 
SUAS." 2018 AIAA Information Systems-AIAA Infotech @ Aerospace, 2018. doi:10.2514/6.2018-0747. 
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RPM, air properties, and general geometry information (specifying both the airfoil and the blade) as input 

information. The airfoil data is formatted as fit values for the following polynomial approximations: 

 

Additionally the user is required to provide any nonzero amount of set locations where the coefficient of 

lift is specified (in essence the user can specify the relative angle of attack). With this information, QMIL 

optimizes the geometry to provide the specified power output while minimizing losses, and outputs a text 

file with chord lengths and angles of attack.  

Figure 1.2 : QMIL Velocity Breakdown 3

 

3 MIT, web.mit.edu/drela/Public/web/qprop/. 
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Qmil utilizes a newtonian approach to minimize differences relating to any wasted rotor-induced 

velocities; essentially QMIL seeks to minimize the total of vt(r) while providing a va(r) distribution the 

supplied the desired thrust or power output. 

Testing Theory: 

The goal of this project is to determine the efficiency of the blade in terms of power input vs 

output. The power input is a simple measurement due to the power source being electrical. We can simply 

measure the voltage and the current going to the motor, to get the power input to the motor. This does not 

account for any internal losses through the circuitry of the motor or its ESC (Electronic Speed Controller). 

Due to the comparative nature of this project these losses are considered constant across all iterations, and 

thus are negligible. The power output of the blade can be considered in terms of kinetic energy. We can 

consider the air to have zero momentum without the influence of the propeller: Vinf = 0. Any changes in 

velocity are directly due to the work that the propeller does on the air. By measuring the output velocity 

alone, and assuming incompressible fluid we can determine the power imparted to the air by the propeller 

by first calculating the thrust created: 

 

With both the power output an the power input the efficiency can be easily calculated. 

Additionally, a useful metric comparing thrust to weight proved useful when evaluating designs: 

 

. 2 
T == M * Ve == 0.5p * A * Ve 

. 3 
P == T *V e == (M * Ve)(V e) == 0.5p *A* Ve 

Pa 0.5p * A * Ve3 

T/p == Pi == I * V 

Thrust 
T/m == mass mprop 



Procedure: 

As this project involve both the design and the testing of propellers, there are two distinct procedures 

corresponding to those two areas of this project. 

Design Procedure: 

The initial decisions for this project involved selecting what design factors would be variable or 

constant across all of our designs. The properties of the air i.e. pressure, speed of sound, viscocity, were 

held constant due to an inability to create non-standard test conditions. The diameter of the propeller was 

determined to be 15cm; this decision was based on research about general quadcopter propeller sizes. The 

aircraft was considered to be stationary, and the freestream velocity negligible, to emulate a hovering 

drone. The power input was also considered constant across all trials.  

Figure 2.1 Cross section of a propeller blade  4

 

Our design variables related to the geometry of the blade. For any point r along the length of a 

blade the angle of attack α(r), the chord length c(r), and the airfoil shape were considered variable (Figure 

4 MIT, web.mit.edu/drela/Public/web/qprop/. 
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2.1). For ease of design the airfoil geometry was considered constant across the length of the blade, 

though for many real applications the airfoil shape is varied for strength and aerodynamic reasons.  

The design process consisted of 3 main parts: Determine general geometry; utilize QMIl to 

optimize geometry; and prepare and print 3d model. General input geometries for QMIL came in the form 

of a Cl distribution for any number of specified points along r. Initial iterations left the general geometry 

intentionally vague to investigate the capabilities of QMIL, and its general tendencies. Later iterations 

aimed to echo known standards for propellers, utilizing QPROP to analyze known designs, and inputting 

their Cl distributions into QMIL for optimization.  

Once an optimized geometry had been produced with QMIL, the QMIL text output file and the 

chosen airfoil geometry data was inputted into a MAYA MEL code which converted the chord and beta 

values into a 3d model. At this point the model was qualitatively analyzed to see its feasibility. This 

model was imported into FUSION 360 and converted to an STL file which was then printed using CURA 

to control an ultimaker 3 3D printer.  

 

Testing Procedure: 

The 3D printed propellers were attached to a 2300 KV brushless motor and placed within the 

testing stand. The testing stand consists of a Xft long 7in ID clear acrylic pipe. The propeller was 

mounted within the pipe 25in from the end of the pipe on a low friction track such that thrust could be 

measured. At the opposite end of the pipe, a hot wire anemometer attached to an adjustable holding stand 

measured the outgoing velocity distribution of the air. The testing procedure was quite simple: Mount the 

propeller to be tested, set the PWM input such that the power input matched the desired quantity and 

measure the velocity distribution, RPM, and power draw. These tests were performed at a standard power 

input of 12 Watts for all blade designs.   



Results: 

Figure 3.1: Default Propeller 

 

  



Figure 3.2: Propeller Design 1 

 

 

  



Figure 3.3: intermediary Propeller Design 1.1 

 

Figure 3.4: Intermediary Propeller design 1.2 

 

 

  



Figure 3.5 Propeller design 2 

 

 

 

 



Figure 3.6: Default Velocity Distribution 

 

 

Figure 3.7: Propeller Design 1 Velocity Profile 
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Figure 3.8: Propeller Design 2 Velocity Profile 

 

Table 3.1: Calculations for designs 1, 2, & def 

 

 Design 1 Design 2 Default 

Maximum Velocity (m/s) 3.26 10.0 7.62 

Power Output (w) 0.08 6.6 3.3 

% Efficiency 0.82 55 28 

Mass (g) 1.66 8.59 4.80 

Thrust (N) 0.041 1.57 1.00 

Thrust/Mass Ratio (N/g) 0.0248 0.182 0.116 
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Discussion: 

These results are quite promising, at the end of a long upward trend design 2 produced a viable 

design with large increases in measured power efficiency. Propeller 2’s efficiency overshadowed the 

default design by 27%, representing a relative improvement of 196% (Table 3.1). Propeller 2 was also an 

improvement on all the designs in terms of strength, producing the most rigid design (this was determined 

qualitatively). Though it was the heaviest design, design 2 also held the highest thrust to mass ratio of 

0.182 N/g compared the the default’s 0.116 N/g (Table 3.1). Though the difference in efficiency between 

designs 1 & 2 could be considered extreme, it stems from the fact that the power relates to the measured 

velocity as a cubic function.  

 

Conclusion: 

The developed design and testing procedures were successful in producing and analyzing 

propeller designs. The best iteration showed generous improvements on the ‘standard’ propeller design. 

With this success in mind, there is still room for improvement in both the design and the testing methods. 

Next steps include but are not limited to: Strength testing to investigate the feasibility of 3D printing 

implementation; Further analysis and measurement of weight thrust and efficiency in different conditions 

(i.e. nonzero freestream velocities).  



Appendix 1: Sample QMIL Codes 

Design 2 input: 

Template prop

3       ! Nblades 

0.453857084 5.907611833 ! CL0    CL_a  
-0.85 1.4 ! CLmin  CLmax 

0.009127811 0.033027261 0.003288692 0.863330183 ! CD0    CD2u   CD2l  CLCD0 
500000 -0.5! REref  REexp 

0.149333333 0.181333333 0.213333333 0.245333333 0.277333333 0.309333333 0.341333333 
0.373333333 0.405333333 0.437333333 0.469333333 0.501333333 0.533333333 0.565333333 
0.597333333 0.629333333 0.661333333 0.693333333 0.725333333 0.757333333 0.789333333 
0.821333333 0.853333333 0.885333333 0.917333333 ! XIdes   (r/R locations where design cl is 
specified) 

1.4 1.4 1.3252 1.3194 1.3199 1.3277 1.3385 1.349 1.3583 1.3662 1.3729 1.3789 1.3842 1.3885 
1.3912 1.3922 1.3924 1.3927 1.3937 1.3956 1.3973 1.3981 1.3985 1.3989 1.3996 ! CLdes   (specified cl) 

  0.005    !  hub radius(m) 
  0.075    !  tip radius(m) 
  5  !  speed(m/s) 
  5000!  rpm  

  0.0      !  Thrust(N)   ( 0 if power  specified ) 
  12  !  Power(W)    ( 0 if thrust specified ) 

 0   1   ! Ldes    KQdes 

 30      ! Nout    number of output stations (optional)  



Design 2 Output: 
  
Template prop  
 
   3       ! Nblades 
 
   0.4539  5.9076    ! CL0    CL_a  
  -0.8500  1.4000    ! CLmin  CLmax 
 
   0.00913  0.03303  0.00329  0.8633    ! CD0    CD2u  CD2l  CLCD0 
   500000.0  -0.500            ! REref  REexp 
 
   1.0000  1.0000  1.0000   !  Rfac   Cfac   Bfac 
   0.0000  0.0000  0.0000   !  Radd   Cadd   Badd 
  
#        r            c        beta 
   0.61667E-02  0.18577E-01  76.3770 
   0.85000E-02  0.19775E-01  72.3110 
   0.10833E-01  0.21157E-01  67.7806 
   0.13167E-01  0.23094E-01  62.7179 
   0.15500E-01  0.25357E-01  57.5564 
   0.17833E-01  0.26186E-01  53.3510 
   0.20167E-01  0.26019E-01  49.8634 
   0.22500E-01  0.25458E-01  46.8210 
   0.24833E-01  0.24570E-01  44.2040 
   0.27167E-01  0.23568E-01  41.9029 
   0.29500E-01  0.22527E-01  39.8650 
   0.31833E-01  0.21493E-01  38.0469 
   0.34167E-01  0.20487E-01  36.4170 
   0.36500E-01  0.19517E-01  34.9491 
   0.38833E-01  0.18587E-01  33.6198 
   0.41167E-01  0.17699E-01  32.4097 
   0.43500E-01  0.16849E-01  31.3021 
   0.45833E-01  0.16032E-01  30.2830 
   0.48167E-01  0.15241E-01  29.3405 
   0.50500E-01  0.14469E-01  28.4645 
   0.52833E-01  0.13706E-01  27.6461 
   0.55167E-01  0.12941E-01  26.8780 
   0.57500E-01  0.12162E-01  26.1536 
   0.59833E-01  0.11353E-01  25.4673 
   0.62167E-01  0.10493E-01  24.8143 
   0.64500E-01  0.95548E-02  24.1902 
   0.66833E-01  0.84987E-02  23.5913 
   0.69167E-01  0.72563E-02  23.0143 
   0.71500E-01  0.56870E-02  22.4564 
   0.73833E-01  0.33266E-02  21.9148 
   0.75000E-01  0.18499E-02  21.6503  



Appendix 2: Maya MEL Code 
string $angle[];
float $chord[];
float $l[];
int $i;

//QMIL DATA
$l = { insert comma delimited radius values};
$chord = { insert comma delimited Chord values};
$angle = { insert comma delimited degree measurements in the form “__deg”};

$numpoints = size($l);
$indexpoints = $numpoints -1;
$lmax = $l[$indexpoints];
$lmin = $l[0];

//make curve 1 (straight)
for( $i = 0; $i <$numpoints; ++$i)
{
if($i >0){
curve -d 1 -a -p 0 0 0 curve1;
} else {
curve -d 1 -p 0 0 0;
}
}
//Make curve 2 (curved)
for( $i = 0; $i <$numpoints; ++$i)
{
if($i >0){
curve -d 1 -a -p 0 0 0 curve2;
} else {
curve -d 1 -p 0 0 0 ;
}
}
//SHAPE CURVES (2 then 1)
for( $i = 0; $i <$numpoints; ++$i)
{
select -r curve2.ep[$i] ;
move -a 0 $l[$i] 0 ;
move -r $chord[$i] 0 0;
manipPivot -p 0 $l[$i] 0 ;
rotate -r 0 $angle[$i] 0;
};



 
//AIRFOIL SHAPE CURVES cut into two halves, 1 & 2, for the forward and reverse sweep 
for( $i = 0; $i <$numpoints; ++$i) 
{ select -r curve1.ep[$i] ; 
move -a 0 $l[$i] 0 ; }; 
float $xpoints1[] = {  insert comma delimited forward x values for airfoil shape }; 
float $zpoints1[] = {  insert comma delimited forward z values for airfoil shape }; 
$size1 = size($xpoints1); 
float $xpoints2[] ={ insert comma delimited reverse x values for airfoil shape }; 
float $zpoints2[] ={  insert comma delimited reverse z values for airfoil shape }; 
$size2 = size($xpoints2); 
 
//MAKE Airfoil curves 
curve -d 1 -p 0 0 0 ; 
curve -d 1 -p 0 0 0 ; 
rename "curve3" "af1"; 
rename "curve4" "af1"; 
 
for ( $i = 0; $i < $size1; ++$i) 
{ 
if ($i > 0) { 
curve -d 1 -a -p $xpoints1[$i] 0  $zpoints1[$i] af1;} 
else { 
curve -d 1 -r -p $xpoints1[$i] 0 $zpoints1[$i] af1; 
}}; 
 
for ( $i = 0; $i < $size2; ++$i) 
{ 
if ($i > 0) { 
curve -d 1 -a -p $xpoints2[$i] 0  $zpoints2[$i] af2;} 
else { 
curve -d 1 -r -p $xpoints2[$i] 0 $zpoints2[$i] af2; 
}}; 
 
select -r af2 af1 ; 
move -a $xpoints2[0] 0 $zpoints2[0] af2.scalePivot af2.rotatePivot af1.scalePivot af1.rotatePivot ; 
move -rpr 0 $l[0] 0 ; 
duplicate -rr; 
move -rpr 0 $l[$indexpoints] 0; 
 
pointPosition curve2.ep[0]; 
pointPosition curve2.ep[$indexpoints];  



Appendix 3: MATLAB Testing Code 
function HotWireReader 
    %coding hygiene 
    clc 
    close all 
    % ask user for file name 
    file_name = input('Enter Your Filename: ','s'); 
    pos = 's'; 
    % allow user to input position of probe, terminate function when q is 
    % input as position 
    while pos ~= 'q' 
        pos = input('Enter Position or q if done: ','s') 
        if pos ~= 'q' 
            velo(pos,file_name); 
        end 
    end 
    % store data in txt file, import the data to be plotted 
    file_name = strcat(file_name,'.txt'); 
    A = importdata(file_name); 

 
    %velocity on x axis and position on y axis in order to profile the 
    %probes vertical movement in tube 
    plot(A(:,2),A(:,1)); 
    title('Velocity Profile'); 
    xlabel('Velocity (m/s)'); 
    ylabel('Position from Bottom of Tube (in)'); 
end 

% this function obtains velocity and std. dev. of velocity 
function velo(p,file_name) 
    ai = analoginput('nidaq','Dev1'); % get parameters for NI-daq board  
    ai.InputType = 'SingleEnded'; 
    addchannel(ai,0);   % need only one channel for this 
    ai.SampleRate=20000; % sample that channel 20 kHz (Nyquist 10 kHz) 
    ai.SamplesPerTrigger=20000;% one second of data 
    ai.TriggerType='Immediate'; % do it immediately when start(ai) is called 

 
  



    % parameters specific to the hot wire anemometer used in the test. 
    % these parameters are used to convert volts to velocity  
    % our EQ: Vel = m3*(V - x0).^3 + m2*(V - x0).^2 + m1*(V - x0) + m0 
    %note that these values should be updated for the specific hot wire in use. 
    m0 = 0; 
    m1 = 3.559;  
    m2 = -1.546; 
    m3 = 6.196; 
    x0 = 1.5064; 
  
    % grab data here 
    start(ai); 
  
    % store datastuff( volts) and time 
    [datastuff, timestuff]= getdata(ai); 
  
    % take mean and std. dev. of volts gathered 
    hotwireV = mean(datastuff); 
    fluct = std(datastuff);  
  
    % this is a polynomial fitted to give accurate readings of air speed 
    % from volts (uses parameters defined above 
    velocity = m3*(hotwireV - x0).^3 + m2*(hotwireV - x0).^2 + m1*(hotwireV - x0) + m0 
  
    % tells how the data will be shown in the text file 
    file_name = strcat(file_name,'.txt'); 
    fileID = fopen(file_name, 'a'); 
    fprintf(fileID,'\n%2s %6.2f %6.2f',p,velocity,fluct); 
    fclose(fileID); 
  
    % convert p from string to an integer so we can plot it after the test 
    % is done 
    p_num = str2num(p); 
end 
 
 

  



Appendix 4: setup 
Figure 4.1 Electronics setup 

 
 

Figure 4.2 Signal Generator setup 
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Connections (See figure 4.1): 
 

● ESC Brown wires to motor as shown in picture, switching the red and green wires changes 
direction of motor spin 

● ESC Green + Black to ground 
● ESC Yellow to Signal generator + (red) 
● ESC red to V+ 
● Signal Generator - (black) to ground) 
● Breadboard + to 12V PSU with a minimum of 3amp capacity (possibly 5) 
● Breadboard - to PSU - 

 
Circuitry notes:  
 

● Make sure there is airflow over the ESC as it tends to overheat and lose performance affecting 
RPM through trials 

○ I used an external fan source, but if placed in airflow of motor that will likely work as 
well 

 
Control: ESC manual: 
https://cdn.shopify.com/s/files/1/0109/9702/files/XRotor30A40AMicroBLHeli32.pdf?824386452747178
2270  

Figure 4.3: Motor Sound definitions 

 
 

  

2 Normal Start-up Process 

1. Power up: 

- Once 
.. -

3 Throttle Range Calibration 

1. Power up: 

2. Throttle up detected 
(arming sequence start)· 

-
2. Throttle signal detected 

(arming sequence start): 

Once 
.. 

-- Once .. Once .. 

4. If throttle is above midst1ck for 3 seconds: - - -- - -- - Once .. - - -
This beep sequence indicates that max throttle has been stored 

6. If throttle is below midstick for 3 seconds: - -- - -- - - Once .. 
This beep sequence indicates that min throttle has been stored 

3. Zero throttle detected 
(arming sequence end) · - Once 

.. After this. the motor will run. 

3. When throttle is above midst1ck (meauring max throttle): - - - - While 
measuring 

5. When throttle is below midstick (measuring min throttle): 

-- --
7. Throttle up detected 

(arming sequence start) 

- Once 

--
.. 

-- While 
measuring 

8. Zero throttle detected 
(armi ng sequence start) 

.. 

.. 
Once 

https://cdn.shopify.com/s/files/1/0109/9702/files/XRotor30A40AMicroBLHeli32.pdf?8243864527471782270
https://cdn.shopify.com/s/files/1/0109/9702/files/XRotor30A40AMicroBLHeli32.pdf?8243864527471782270


Setup/run instructions: (all numbers relate to figure 4.3) 
 

● Turn on PSU first, then Signal Generator (for shutdown turn off PSU first as well) 
● Should hear 3 beeps as in (1) 
● Make sure that the signal generator is setup as in figure 4.2 with frequency as close to 50hz as 

possible 
○ It is a good idea to tape or cover the frequency knob to reduce chances of it being touched 

● If (3) (4) (5) or (6) occurs, then turn width knob (blue square) to an extreme value, wait for (4) or 
(6) then repeat for other extreme 

○ This is setting up the ESC 
● To set the motor going, turn width knob to minimum value (CCW) 
● Then slowly turn knob CW until “throttle detected” beep is heard (2) & (7) 
● Continue turning CW slightly, then return (CCW) past where throttle up beep was heard then zero 

throttle detected sound should come (8) 
● At this point turning width knob CW should attempt to spin the motor.  

○ Note: if range exceeds a certain value (i.e. too far CW or CCW) the ESC will unarm 
itself, and the throttle up/zero throttle steps will have to be undergone again. 

● If system doesn’t work, try turning system off (psu first), then restarting with pulse width at an 
extreme value to induce setup mode. 

● If nothing else works, reach out to dyamibash@gmail.com  

mailto:dyamibash@gmail.com



