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ABSTRACT  

The paper presents the results from a series of 

measurements by means of stereo imaging of the deflection 

of a flexible propeller operating at different loads. The 

propeller was manufactured in a plastic material (whose 

mechanical characteristics are known) so that the 

deflections of the blades induced by the load were large 

enough to be measured by the optical system used during 

the experiments. Since the propeller geometry is of public 

domain, it is in author's high hopes that these 

measurements, which will be presented in the paper, could 

be useful to the community of researchers active in the field 

of fluid-structure interaction as validation material. In 

addition to the final results – i.e. the blade deflection data - 

the paper covers in detail how to obtain deflection 

measurements by means of inexpensive lab equipment.  
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 INTRODUCTION 

The work presented here has been carried out within the 

Era-Martec research project HyDynPro. The goal of 

HyDynPro is to deepen the knowledge of the dynamic 

responses of advanced marine propulsors such as the 

azimuthing thrusters. Among the various aspects of the 

dynamic responses also the blade hydro-elasticity is 

considered. For standard propellers in common operations 

the elasticity of the blades is not a major concern. In fact for 

those propellers the standard practice for dimensioning 

them is to apply the cantilever beam method (Carlton, 2007) 

and no attention is given to the propeller vibrations. 

However, as the application becomes more demanding in 

terms of design (blade with high skew) or in terms of 

operational conditions, the standard method does not 

provide with the tools for tackling the problem. Atkinson 

(1988) studied the effect of the blade skew on the stress 

distribution by means of finite elements. Atkinson found 

that the stress distribution and the blade deflection varied 

considerably with the blade skew distribution. For highly 

skewed propellers the performances were found to be 

changed significantly. More recently Young (2008) 

considered the case of composite propellers. Ultimately the 

blade elasticity plays a role in the propeller vibration 

problem. 

Although one of the final goals of the project will be 

addressing the propeller vibrations, it was decided to 

proceed in stages and start from the simpler, both from the 

experimental and numerical point of view, problem of the 

deflections of a flexible blade operating at different load 

conditions. The experimental results presented here can be 

used as validation material for the numerical computations. 

Moreover the equipment employed for the experiments (two 

DSLR cameras and a stroboscopic light system) is 

equipment commonly found in hydrodynamic laboratories 

and hence the technique can be easily reproduced by other 

researchers. The paper is structured as follows: first the 

technique adopted for the measurements is outlined, then 

the details of the implementation are presented and finally 

the results are reported. 

In the present work large use has been made of the 

functions provided by the OpenCV library, which provides 

a large collection of popular algorithms from both the 

imaging processing and the computer vision fields. 

 

 THE EXPERIMENTAL TECHNIQUE 

2.1 Outline 

The technique presented here is in its essence a 3D tracking 

technique performed by means of a digital stereo imaging 

system (i.e. the position of a point in the three dimensional 

space is obtained by the knowledge of its projection on the 

two imaging planes forming the stereo system). In fact the 

deflections of one of the blades of the propeller are 

measured by tracking the displacements from a reference 

condition of a set of markers placed on the blade surface. 

The most natural choice for the reference condition is the 

propeller not subjected to any load (i.e. the propeller is at 

complete rest). 

The displacements are computed as Euclidean distance 

between the locations of the markers in the deflected and 



non-deflected case. The locations of the markers are 

determined from the stereo images through triangulation.  

Although more details will be given later in the paper about 

the stereo triangulation technique, it should be noted that, 

even though the reference frame adopted for the stereo 

triangulation can be arbitrary, it is customary to place it at 

the optical center of one of the two imaging devices 

forming the stereo system. The reference system used for 

tracking is not therefore matching in general the usual 

propeller reference frame (i.e one of the 3 axes coincides 

with the propeller shaft). The transformation between the 

imaging reference system and the propeller reference 

system is an important step of the presentation of the results 

and will be therefore discussed in detail.  

 

2.2 Uncertainty of the measurements 

In computer vision triangulation means finding the position 

of a point P(X,Y,Z) in the 3D space from its projections on 

two or more projective planes. In stereo vision the number 

of projective planes is two. The branch of geometry 

concerned with stereo vision is called epipolar geometry if 

the projections are perspective, which is the case for all the 

cameras used in everyday life. A model widely used to 

describe the projection performed by a perspective imaging 

device is the so called pinhole camera. In the pinhole 

camera model the projection of the point P(X,Y,Z,1) to the 

point p(x,y,1)  on the image plane is performed according to 

the following equation: 

 

𝑝 = 𝐶 ∙ [𝐼 0] ∙ ⌊
𝑅 𝑇
0 1

⌋ ∙ 𝑃 

𝐶 = [
𝑓𝑥 0 𝑐𝑥

0 𝑓𝑦 𝑐𝑦

0 0 1

] 
(1) 

Where C is a 3x3 matrix called the camera matrix and I is 

the 3x3 identity matrix. The 3x3 matrix R and the 3 

elements column vector T are the camera rotation and 

translation in the world reference system respectively. The 

coefficients fx and fy in the camera matrix are the focal 

lengths of the camera in x and y directions, while the 

coefficients cx and cy are the coordinates of intersection of 

the optical axis with the image plane.  

 

Figure 1: The pinhole camera model showing the 3 

reference systems involved in the model (world coordinate, 

camera reference frame and image reference frame) 

For digital cameras it is common to express both the focal 

lengths and the principal points in terms of pixel 

dimensions. If the focal lengths and the principal points are 

expressed in pixel dimensions then the projected point 

coordinates are expressed in the image reference frame and 

denoted by u and v. In this latter case the pinhole camera 

model represents the mapping between P(X,Y,Z,1) to 

p(u,v,1). It is useful to define the product of the roto-

translation matrix, projection matrix and the camera matrix 

as the perspective projection matrix PPM: 
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In a stereo system, provided that the point P is visible by 

both cameras, the projection  Eq.  (1) can be written for 

both cameras leading to the measurement vector: 

 

 𝑀 = [
𝑝1
𝑝2

] =

[
 
 
 
 
 
 𝑐𝑥 + 𝑓𝑥

𝑋
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 (3) 

In Eq. (3) the expression ppmn stands for the n-th row of the 

perspective projection matrix. In order to make the algebra 

simpler the world reference frame has been assumed to be 

coinciding with one of the camera reference frame making 

the roto-translation matrix for that camera equal to the 

identity matrix. Eq. (3) assumes that the measurements are 

noiseless. However in real life noise will be always present. 

Eq. (3) can be rewritten to account for noise as: 
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 (4) 

It is commonly assumed the noise ni
d of the i camera in the 

d direction to be zero mean, Guassian distributed with 

variance . If the above hypothesis holds the Cramer-Rao 

lower bound for the uncertainty of the reconstruction 

obtained by means of stereo triangulation is defined as: 

 𝑣𝑎𝑟(𝑀) ≥ 𝑆 = 𝜎2(𝐻𝑇𝐻)−1 (5) 

Where S is the covariance matrix and H the Jacobian of M. 

The Cramer-Rao lower bound defines what the best 

attainable accuracy by the estimator M is; or in other words 

that the variance of the estimation of M will be equal or 

larger than S. For the sake of simplifying the derivation of 

the equations describing the uncertainty of the 

measurements, the derivation will be limited to the 2D case 

(i.e. the Y axis is disregarded) as depicted in Fig.2 . In Fig. 

2 the optical centers of the cameras are separated by a 

distance b (the baseline) and the optical axes are tilted by an 

angle equal to t. The point P(X,Z,1) is projected on the two 

camera planes at the points p1  and p2 on the left and right 

camera respectively.  

  

Figure 2: geometry of a 2D stereo system  

The measurement vector in this case reads: 

 𝑀 =

[
 
 
 

𝑓 ∗ 𝑋

𝑍
𝑓 ∗ (−𝑠𝑖𝑛(𝑡) ∗ 𝑍 + 𝑐𝑜𝑠(𝑡) ∗ 𝑋 + 𝑏)

(𝑐𝑜𝑠(𝑡) ∗ 𝑍 + 𝑠𝑖𝑛(𝑡) ∗ 𝑋 ]
 
 
 

+ [
𝑛1

𝑥

𝑛2
𝑥] (6) 

However the technique presented here is concerned with 

measuring the displacements of points rather than finding 

their distance from one of the cameras. As stated before the 

technique is differential. By differential it is meant that the 

displacement is computed with respect to a reference 

position. Fig. 3 depicts the principle upon which the 

measurements are based. The point P is displaced to P' 

along the Z direction by a length DZ (it is assumed for the 

sake of simplicity that the displacements are exclusively 

along the Z axis).  

 

Figure 3: 2D representation of the measuring principle  

The displacement DZ of the point P results in two new 

projections on the camera plane p1' and p2'. The 

measurement vector, with reference to Eq. (4), for the 

segment DZ can be written as:  

 𝑀 = [𝑃′ − 𝑃] = [
𝑝′1−𝑝1

𝑝′2 − 𝑝2
] =

[

𝑓𝑋

𝑍+𝐷𝑍
−

𝑓𝑋

𝑍
𝑓∗(−𝑠𝑖𝑛(𝑡)∗(𝑍+𝐷𝑍)+𝑐𝑜𝑠(𝑡)∗𝑋+𝑏)

𝑐𝑜𝑠(𝑡)∗(𝑍+𝐷𝑍)+𝑠𝑖𝑛(𝑡)∗𝑋
−

𝑓∗(−𝑠𝑖𝑛(𝑡)∗𝑍+𝑐𝑜𝑠(𝑡)∗𝑋+𝑏)

𝑐𝑜𝑠(𝑡)∗𝑍+𝑠𝑖𝑛(𝑡)∗𝑋

] + [
𝑛1

𝑥

𝑛2
𝑥] 

(7) 

By inserting Eq. (7) into Eq. (5) and by considering just the 

derivatives relative to DZ of the Jacobian, the variance of 

the estimator M can be obtained. As the expression for the 

variance, even for the simplified case, is rather long, here 

the special case in which the two cameras have parallel 

optical axes (i.e the angle t is equal to zero) is reported in 

order to show what the most important parameters are. 

Moreover it shall be noted that the accuracy of an optical 

system is improved when the optical axes are converging. 

In a parallel optical axes case, the minimum attainable 

uncertainty u, as defined according to the Cramer-Rao 

lower bound formulation, is: 

  𝑢2 = 𝑣𝑎𝑟(𝑀) ≥ 𝜎2 (𝑍+𝐷𝑍)4

𝑓2((𝑋+𝑏)2+𝑋2)
 (8) 

In order to obtain an estimate of the performances of the 

system the values in Tab. 1 can be substituted in Eq. (8) to 

have an estimate of the lower bound of the variance. 

Table 1: Parameters of the optical system 

f: 70 mm Focal length of the optics 

b: ~700 mm Approximate distance along the X axis 
between the cameras 

Z: ~1000 mm Distance between the stereo system 
and the blade 



X: -50 mm  Maximum off-axis extension of the 
blade 

 ~3.65e-3 mm   Noise standard deviation equal to the 
sensor pixel size  

With the parameters in Tab. 1 the minimum uncertainty 

attainable by the system is u~0.08mm in the parallel case, 

while in the converging axes case is u~0.024mm (assuming 

the angle between the cameras to be approximately 40 

degrees). Eq. (8) is very useful when planning the 

experiments as it gives an estimate of what is a reasonable 

lower limit for the accuracy of the system. 

2.3 Camera calibration 

The camera calibration procedure is the procedure which 

enables determining the perspective projection matrix for 

the two cameras. The OpenCV library provides the user 

with functions which can be used to accomplish this task in 

a straight forward way. The procedure is well documented 

both in literature and in the OpenCV manual and therefore 

it will not be repeated here. It suffices to know that the 

cameras are calibrated against a target of known geometry 

called a calibration pattern.  

Related to the perspective projection matrix is the 

fundamental matrix F. The fundamental matrix is very 

useful in stereo vision as it expresses the epipolar 

constraint. 

 

2.4 The epipolar constraint 

The epipolar constraint states that given the projection on 

one of the cameras of a point P the projection of P on the 

other camera lies on a line called the epipolar line. Fig. 4 

depicts the epipolar constraint where the projection p1 of P 

is given and the corresponding projection p2 on the other 

camera lies on the epipolar line e2. The epipolar constraint 

can be expressed by means of the fundamental matrix 

equivalently by either of the following: 

 

012  pFp T  

12 pFe   
(9) 

The first version of Eq.(9) can be used to check if two 

points comply with the epipolar constraint, while the second 

expresses the equation for the line e2.  

In other words the problem of finding the corresponding 

points in the two images (points which are projections of 

the same 3D point) is reduce to searching on a line once the 

epipolar constraint is enforced. In real application the point 

will not lie exactly on the epipolar line due to noise but in 

its vicinity. The distance from the point to the epipolar line 

can be used as a measure of the compliance to the 

constraint. 

 

Figure 4: The epipolar geometry main elements. 

2.5 The stereo matching algorithm 

In Fig. 5 two images, preprocessed to correct for lens 

distortions, forming a stereo pair, are presented. The tasks 

which have to be accomplished before the 3D 

reconstruction algorithm can be run are two: find the 

corners of the markers (the features that are tracked) and 

match them across the two images. The markers, whose 

shape can be seen in Fig. 6, have edges which are 1 cm in 

length. The first goal is to find all the visible markers in the 

images.  

  

Figure 5: Two images forming a stereo pair 

 

Figure 6: Structure of the markers 

The first step in finding the markers is to roughly define the 

region of the image occupied by the blade. The region is 

identified using the "GrabCut" algorithm provided by the 

OpenCV library. All the steps described here have been 

carried out using the functions provided by the OpenCV 

library. For the sake of brevity the description that follows 

focuses on the main steps of the procedure without detailing 

the single algorithms. The "GrabCut" algorithm basically 

refines a first rough guess, provided by the user, of what the 

foreground and the background are. After the blade region 

in the image has been identified, an adaptive threshold 

algorithm is run on the image. The result of the adaptive 

threshold algorithm is shown in Fig. 7. 

 



 

Figure 7: The image after the "GrabCut" and the adaptive 

threshold  

The resulting binary image is suitable for the extraction of 

the contours which are then enclosed in a minimum area 

rectangle (the bounding box). The contours which generate 

either too big or too small rectangles, compared to the size 

of the markers, are disregarded. In Fig. 8 the contours and 

the bounding boxes are shown. 

 

Figure 8: The retained contours along with their bounding 

boxes 

The corners of the markers are to be found in the proximity 

of the bounding boxes that have been kept. OpenCV 

provides two algorithms which can be used sequentially to 

find the accurate location of strong features such as the 

corners. The first algorithm identifies the approximate, to 

pixel resolution, location of the corners; while the second 

refines the first guess to subpixel accuracy. The result after 

the second algorithm is run is shown in Fig. 9. According to 

Eq. (8) the accuracy of the method is dependent on the 

standard deviation of the location of the corners and 

therefore any improvement in the localization of the corners 

has significant effects on the overall accuracy of the 

technique. The bounding boxes are indexed and define the 

main data structure used to store the location of the corners. 

The corners located at the intersection of two rectangles are 

shared by two bounding boxes, while the others belong to 

one single box. 

The same procedure is repeated on both of the images 

which form the stereo pair. The final result of the procedure 

is two lists, one per image, containing the locations of the 

corners grouped according to the bounding box they belong 

to. The order of the boxes in the two lists is arbitrary and 

uncorrelated to the other list. The next step is to find the 

corresponding boxes in the two lists and subsequently the 

matching corners. The epipolar constraint is a central tool to 

accomplish this task; however when many features are one 

close to the other, mismatches are very likely to happen. To 

avoid mismatches other constraints must be enforced. The 

first step is to order the bounding boxes according to their 

taxicab distance from the origin. Being the lists ordered 

they can be scanned from the top to the bottom to find the 

first pair of boxes which complies with the epipolar 

constraint within a given threshold. That pair is flagged as 

corresponding and the lists further scanned until all the 

boxes have been considered. The epipolar constraint is 

interpreted for the candidate pairs of bounding boxes as the 

sum of the distances of the four corners to the four lines 

generated by the four corners of the other bounding box of 

the candidate pair. 

 

Figure 9: A close up of the central part of the blade 

showing the location – green circles- of the detected corners 

Once the corresponding bounding boxes are found, the 

corners can be matched across the lists and the 3D 

reconstruction performed.  

2.6 Computation of the displacements 

As already outlined in the introduction the deflection of the 

blade due to varying load is computed by tracking the 

displacements of the markers from a reference position. The 

obvious choice for the reference position is the position of 

the markers when the propeller is at rest, as this implies no 

load whatsoever. Computing the displacement vector 

DR(DX,DY,DZ) of the point P(X,Y,Z) is trivial since it is 

the vector P'(X',Y',Z')-P(X,Y,Z) where the apex denotes the 



deflected condition. The coordinates of the point P in the 

non-deflected condition are adopted to define the location 

where the measurements were taken and are referred to, in 

the following, as measurement coordinates. However, if on 

one hand this choice of the reference condition makes the 

computation of the displacement trivial, on the other hand it 

has a practical shortcoming. The shortcoming is that the 

propeller is illuminated by stroboscopic lights when 

operating, while it is not when the reference picture is 

taken. The stroboscopic lights are triggered to illuminate the 

propeller at a given shaft angle, making the position of the 

propeller defined up to the accuracy of the stroboscopic 

lights. On the contrary when the propeller is not rotating, 

the position is not defined as accurately. In order to 

overcome this issue the grid on the hub, shown in Fig. 15, 

has been used to define a rotation along the propeller Z axis, 

that takes the propeller from the rotating condition to the 

non-rotating. This rotation has implication on the accuracy 

of the method. 

 

 THE EXPERIMENTAL SETUP 

3.1 The propeller P1374 

The propeller P1374, which has been adopted for the tests, 

is an open geometry propeller. It has been designed by 

MARINTEK for the purpose of having a propeller which 

could be used for experiments and validations of numerical 

tools in projects concerned with the dynamic of thrusters. 

The paper from Amini and Steen (2011) is an example. The 

geometry of the propeller is given in the appendix. For the 

tests presented here, the propeller P1374 has been 3D 

printed in plastic, using a material having the following 

mechanical characteristics (as provided by the printing 

material supplier):  

Table 2: Mechanical properties of the material used for 

printing the propeller 

 

The Poisson ratio, which is not listed in Tab. 2, is according 

to the supplier equal to 0.41.  

 

3.2 Tests performed 

The Propeller P1374 has been tested at different advanced 

coefficients J=V/nD for two shaft speeds. The performed 

measurements are reported in Tab. 3. 

Table 3: Tested conditions 

7 rps 9 rps 

J 0.18-0.49-0.70-0.87-
1.12-1.26 

J 0.17-0.47-0.67-1.15 

The same propeller exists also in aluminum and therefore it 

is possible to compare the open water characteristics of the 

deformable and the non-deformable propeller. The tests 

with the aluminum propeller were performed in the 

MARINTEK towing tank, while the data for the flexible 

propeller have been obtained at MARTINTEK's cavitation 

tunnel. The flexible propeller has been tested at 7 and 9 rps 

shaft speed, while the aluminum propeller has been tested at 

11 rps. In Fig. 10 and 11 the data obtained for the plastic 

propeller are compared to the data relative to the aluminum 

propeller. In the two figures the black lines refer to the 

aluminum propeller, while the colored dots to the plastic 

propeller. 

  

Figure 10: Open water curves for the aluminium propeller 

and for the plastic propeller at 7 rps 



 

Figure 11: Open water curves for the aluminium propeller 

and for the plastic propeller at 9 rps 

From Fig. 10 and 11 it can be seen that the modifications to 

the propeller open water, due to flexibility, are rather large. 

 

3.3 Preparation of the propeller for the tests 

From the last two paragraphs it is clear that it is possible to 

reconstruct either the position or the displacement of a point 

in the 3D space, once this point is visible by both cameras. 

Although it might seem trivial finding the projection of the 

same 3D point in the two images, in many practical 

applications this is not straightforward. In fact many real 

life objects do not offer features which have both the 

property of being small enough to provide unambiguous 

locations in the images and easily recognizable. In other 

words smooth and uniform surfaces are difficult to handle. 

The propeller blades are certainly smooth and uniform 

surfaces. It is common practice to add such features on 

smooth surfaces by either physically adding them or by 

projecting them using some sort of light source. In this case 

the first approach has been preferred as it enables to directly 

compute displacements at well-defined locations. For this 

purpose some features (markers hereafter) have been added 

to the surface of one of the blades as shown in Fig. 12.  

 

Figure 12: Features added to the surface of one of the 

blades 

3.4 Image acquisition 

The propeller has been imaged by two NIKON D3200 

digital single lens cameras (DSLR). The two cameras were 

controlled by means of a program written in C# based on 

the WIA (Windows Image Acquisition) driver. The 

program was used both to trigger the cameras and to 

retrieve the images. The propeller was lighted by three 

stroboscopic lamps BBE Movistrob 600. The stroboscopic 

lamps, in addition to providing the necessary light for the 

pictures to be taken, provided the synchronization. 

Although this might seem a crude way of synchronizing the 

cameras, the tests in the lab showed that the result was 

indeed satisfactory.  

 

 

Figure 13: Setup of the cameras outside the tunnel test 

section 

 

 PRESENTATION OF THE RESULTS 

4.1 Coordinates change from the camera reference 

frame to the propeller reference frame 

As already mentioned in the introduction the reference 

frame, which is commonly adopted in computer vision 

applications, is centered in the optical center of one of the 

two cameras. This camera centered reference frame has an 

arbitrary position and orientation with respect to the typical 

propeller reference frame and therefore a procedure to 

establish their relative position and orientation is necessary. 

Fig. 14 shows the reference frame used in the CAD drawing 

of the propeller (this latter reference system will be referred 

to as the CAD reference system). The propeller Z axis 

coincides with the shaft of the cavitation tunnel.  



 

Figure 14: The CAD propeller reference frame  

In order to identify the direction of the propeller shaft, the 

hubcap has been marked with a series of circles at different 

distances along the vertical axis. Perpendicular to the circle 

there are some verticals lines (see Fig. 15). The 

intersections of the circles and the vertical lines identify a 

grid of points which can be easily reconstructed by the 

stereo vision system. The points on the grid have the 

twofold feature of belonging to circle whose center is on the 

shaft and to planes which intersect on the shaft. Either of 

the two features can be used to setup a linear system of 

equations defining the direction of the propeller shaft. Since 

the grid points are reconstructed in the reference frame of 

the cameras this leads to a relation between the propeller 

reference frame and the camera reference frame, which 

makes any of the three axes to be parallel and hence 

coinciding. However, in order to fully define the 

transformation between the reference systems, a rotation 

and a translation along the coinciding axis are required. 

This last transformation is found by making the trailing 

edge of the reconstructed propeller to match the trailing 

edge of one of the blades of the propeller in the CAD 

reference system.  

 

Figure 15: The propeller hubcap 

 

It has to be noted that this transformation, from the camera 

reference system to the CAD one, has no effects on the 

accuracy of the measurements since the displacements are 

defined in the camera reference system.  

 

 OUTLINE OF THE PROCEDURE 

 

Since the technique presented here has many different steps 

in which the coordinate system changes, in this paragraph 

the procedure is presented in chronological order: 

1. The position of the markers is reconstructed in the 

reference system of the cameras. 

2. The position of the markers is transformed to the 

non-rotating condition in order to measure the 

displacements. The reference system is still the 

cameras one. 

3. The displacements are computed. 

4. The locations where the displacements have been 

measured are transformed to the CAD reference 

system. 

This procedure is repeated for all the loading condition the 

propeller has been subjected to. 

 

 PRESENTATION OF THE RESULTS  

Because the measurement coordinates of the deflections 

have been expressed in the propeller reference frame they 

can be further transformed in terms of radial position along 

the blade and location along the chord. This latter 

representation is used in the data reported in the tables. 

More specifically the radial position are expressed relative 

to the propeller diameter, the position along the chord as 

fraction of the chord length from the trailing edge to the 

leading edge and the displacements DR(DX,DY,DZ) 

relative to the propeller diameter. Since the tables take very 

large space they are not reported here but will be available 

at the following internet address (TO BE DEFINED IN 

THE NEAR FUTURE) or by contacting the author.  

 

6.1 Presentation of some of the results 

In this section some of the results are reported. More 

specifically in the graphs the total deflections, i.e. the norm 

of the displacement vector DR, are reported relative to the 

propeller diameter. In the graphs on the vertical axis the 

magnitude of the displacement at different radial locations 

is presented against the location along the chord. In blade 

renders the displacement vectors are shown. In the renders 

the units are millimeters.  

 



 

 

Figure 16: Blade deflections graph (top) and vectors 

(bottom) for J=1.26 at 7 rps  

 The most notable effect that was observed was that the tip 

was bending backwards when the load was close to zero. 

This is shown in Fig. 16. The back bending was still present 

at J=0.87 as depicted in Fig. 18. 

 

 

Figure 17: Blade deflections graph for J=1.12 at 7 rps 

 

 

Figure 18: Blade deflections graph (top) and vectors 

(bottom) for J=0.87 at 7 rps 

As the load increases the propeller sections towards the 

blade tip tend to have increasingly higher deflection, with 

the deflection being larger at the leading edge. In other 

words the blade is twisted in such a way that the pitch 

increases from the root to the tip.  

 

Figure 19: Blade deflections graph for J=0.7 at 7 rps 



 

 

Figure 20: Blade deflections graph (top) and vectors 

(bottom) for J=0.49 at 7 rps 

 

 

Figure 21: Blade deflections graph (top) and vectors 

(bottom) for J=0.18 at 7 rps 

 CONCLUSION AND FUTURE WORK 

The work presented here shows how to obtain rather 

accurate measurements of the deflection of flexible blades 

by means of inexpensive equipment and a setup which is 

easily replicated in other standard laboratories used for 

investigation on propellers. The data presented here are just 

a part of the data which has been collected. Several pictures 

were taken per each condition and some conditions were 

repeated several times during the experiments. The results 

presented here cover just one single set of pictures per 

condition and do not include any of the repeated conditions. 

It is in the author intentions to further investigate the data 

collected in order to deepen the understanding of the 

potential and the limitations of the technique. In addition to 

the reanalysis of the data the possible future activities 

include testing of different materials and different 

geometries.  
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 LIST OF SYMBOLS USED IN THE TEXT 

Dn

V
J A


  Advance coefficient  

42 Dn

T
KT





 
Propeller thrust coefficient 

52 Dn

Q
KQ





 
Propeller torque coefficient 




2
0

J

K

K

Q

T 
 

Propeller efficiency 

Where VA is the water speed, n the propeller speed, D 

the propeller diameter,  the water density, T the 

propeller thrust and Q the propeller torque. 
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DISCUSSION 

The author would like to thank all the colleagues for the 

insights they have offered through their questions 

 

Question from Yin Lu Young 

1) Can you provide the material data as well ( s, s, s, 

etc)? If those data were provided by the manufacturer, will 

it be possible to verity them vs experimental measurements, 

as the variability can be quite high. It would also be good to 

measure the natural frequencies and provide them for 

validation 

2) Did you test the dependency of the deformation and 

performance (KT, KQ) vs advance speed and rotational 

speed? 

3) Did you put painted dots on both side of the blade and 

test the propeller in reverse? 

Authors’ Closure 

The questions will be answered in the same order as they 

have been asked.  

1) The material data that are available are reported in the 

text; those data have been provided by the printed producer. 

In order to check whether the data provided by the producer 

are reliable a tensile test has been performed. In addition to 

checking the reliability of the material it was decided to 

tests the influence of the printing direction. For the sake of 

checking to what extent the printing direction would 

influence the material properties, the tests specimens for the 

tensile tests have been produced with four different printing 

directions: vertical, horizontal and two diagonal directions. 

Unfortunately the printer failed to produce the specimens 

that were supposed to be vertical (they collapsed under their 

own weight during the printing processes). The material 

tests show that the data provided by the producer are in 

good agreement with the observed values.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Regarding the natural frequencies I agree that they would 

have been valuable information to have. However, the test 

setup was too simple to carry out a complete modal 

analysis.  

 

2) Yes, the tests were performed at two different rotational 

speeds, namely 7 and 9 rps; currently only the 7 rps tests 

have been analyzed.  

 

3) No, unfortunately that was not done. This would have 

been a good direct way of checking the experiments. 

 

Question from Mario Felli 

To measure the actual geometry of a propeller is an 

important issue in the experimental "illegible word" of CFD 

simulations which normally use the nominal geometry and 

thus do not account for blade deformation. My question 

concerns the markers; why the author does not use the a 

random cloud of points which might improve a lot the 

resolution, especially in the leading edge region where the 

large curvature of the blade is such to make the use of 

markers very critical. 

Figure 22 Printing direction of the specimens 

Figure 23 Orientation against Young's modulus 

http://www.libreriauniversitaria.it/books-publisher_Butterworth_Heinemann-butterworth_heinemann.htm


Authors’ Closure 

The random cloud of point is commonly used in the so 

called "digital image correlation" technique or DIC in short. 

As Mario Felli correctly points out using DIC would 

improve the resolution across the blade area and hence on 

the leading edge; however, it must be pointed out that DCI, 

to the contrary of marker based correlation techniques as the 

one used in the present paper, has been reported having 

typically a spatial accuracy of approximately 1 pixel. 

Marker based techniques enable a subpixel resolution and 

therefore it was chosen as that is improving the depth 

accuracy of the measurements. However, this was not 

checked experimentally and the question is regarded as a 

valuable input for future investigations.  

Question from Ki-Han Kim 

Your approach may open the door for those who have 

limited resources for expensive cameras ( e.g. de-focusing 

camera) and data analysis techniques. Do you have any 

reason you have two markers close together?   

 

Authors’ Closure 

 

The shape of the markers reflects what the initial plan was, 

i.e to use the point where two squares match as the 

reconstruction point. However, while the reconstruction 

algorithm was developed, it came clear that all the points 

could be used and therefore the shape of the marker lost its 

reason for existing. 

 

Question from Sverre Steen 

Is there a relation between size and spacing of markers and 

measured deflections? 

 

Authors’ Closure 

The reconstruction technique does not rely on the a priori 

knowledge of the size and spacing of the markers; the 

markers are actually just clusters of reconstruction points. 

Question from Stefano Brizzolara 

Congratulations Luca for the excellent work. Measurements 

of propeller deflection under load are an extremely 

important topic especially in the era of 3D printed props. I 

am glad to notice that you could capitalize on your PhD 

work at the University of Genova for this. Regarding the 

presented results of the 3D printed propeller can you specify 

the resolution of the 3D printed and how it was finished to 

obtained the exact nominal propeller geometry? Have you 

verified the accuracy of the un-deformed 3D printed model 

against the CAD geometry?  

 

The printer, according to the producer, has an accuracy of 

0.1 mm. The printed object is than hand polished; the final 

surface roughness is typical equal to 1 m. The blade 

surface of the propeller inside the tunnel has been compared 

with the CAD geometry in order to check the coordinate 

transformation procedure. The result can be seen in Figure 

24; however the reconstruction in Figure 24 carries both the 

reconstruction errors and the transformation inaccuracies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Checking the geometry of the blade on a desk setup could 

have been performed by the same technique and would have 

possibly answered any doubt about the propeller geometry; 

unfortunately, that was not performed at the time the 

experiments were carried out. 

 

Figure 24 



 

 Appendix: Geometry of the propeller P1374  

 

 Propeller diameter (mm): 250.000 

 Design pitch ratio 0.7R: 1.100 

 Expanded blade area ratio: 0.600 

 Number of blades: 4 

 Propeller hub diameter (mm): 60.000 

 Diameter of blade root (mm): 36.000 

 Max. thickness at 0.35R (mm): 8.000 

 Max. thickness at 0.60R (mm): 5.000 

 Blade tip thickness (mm): 1.500 

 Relative pitch at blade tip (Ptip/P0.7R): 0.850 

 Relative pitch at blade root (Proot/P0.7R): 0.980 

 Skew angle in expanded outline (deg): 25.000 

 

 

 

 

 

 

 

 

 

 

 

r/R b/R e0/R Cs/R Xr/R P/R f0/R 

0.24 0.266799 0.076144 0 0 2.156 0.0024 

0.25 0.282739 0.075 0.003633 0 2.157892 0.007375 

0.3 0.359941 0.0694 0.021724 0 2.16673 0.0141 

0.35 0.432749 0.064 0.039324 0 2.174527 0.017499 

0.4 0.500797 0.0588 0.055743 0 2.181285 0.019633 

0.5 0.620784 0.049 0.081381 0 2.191682 0.021597 

0.6 0.715083 0.04 0.089917 0 2.197921 0.021429 

0.7 0.775802 0.0318 0.070711 0 2.2 0.01976 

0.8 0.78789 0.0244 0.011511 0 2.176372 0.016897 

0.9 0.712786 0.0178 -0.10136 0 2.075292 0.012499 

0.95 0.600438 0.0148 -0.18255 0 1.986951 0.009058 

0.975 0.490338 0.013375 -0.23019 0 1.932193 0.00649 

0.99 0.367372 0.012544 -0.26117 0 1.895787 0.004141 

0.995 0.293194 0.012271 -0.27191 0 1.883046 0.002938 

1 0 0.012 -0.28286 0 1.87 0 

 

b, blade section chord length; e0, maximum black section 

thickness; Cs, blade section skew, positive to forward (to 

leading edge); Xr, blade section partial rake (skew 

excluded), positive to forward; P, black section pitch; f0, 

blade section maximum to camber; r blade span wise 

coordinate; R propeller radius. 

 

 

 

 


