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Abstract  
One of main challenges of the university educational system is to improve teaching methodologies 
including the use of new technologies. 3D printing is among others one of the most important 
technologies recently appeared than can be useful for both educational and industrial applications. 
The main advantage of this technique is its ability of manufacturing complex designs of structural 
elements. The structure analysis is traditionally performed using analytical or numerical 
methodologies, but the use of experimental techniques is generally avoided due to the difficulties 
related to the manufacturing and the testing cost. Nevertheless, this drawback can be avoided with the 
use of 3D printing technology that can handle with complex geometry in an affordable way. Therefore, 
in this work, the acquisition of competences has been encouraged adding the experimental analysis to 
the analytical and numerical methodologies used in the subject. Particularly, 3D printing technology 
has been used to manufacture the structural elements designed by the students of the subject 
“Aerospace structures” in the Bachelor's Degree in Aerospace Engineering. 
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1 INTRODUCTION  
Nowadays, the new technological developments allow lecturers to modify and to evolve its teaching 
methodology to try to become more engaging and interesting for students. As it is shown by other 
authors as Mendez and González [1] the motivation of student is a driven parameter for the academic 
success. The two main methods to use the new technologies are: incorporating the online learning 
replacing the traditional learning method - for example blended-learning (Bourne et al. [2]) or flipped-
classroom (Kim et al. [3]); or use new technologies as a tool for the lectures. With respect the second 
case, one possibility can be to incorporate 3D printing technology to engineering lectures. 3D printing 
is among others one of the most important technologies appeared recently than can be useful for both 
educational and industrial applications. For example, Paulo Blikstein et al. [4] stablished that 3D 
printer is a key technology that should be taken into account in the academic field. 

The traditional method to teach the analysis of structures on engineering courses is based on 
theoretical classes, complemented with the analytical resolution of practical exercises. Recently the 
use of numerical methods, as Finite Element Method, has incorporated to the regular practice in order 
to corroborate the knowledge acquired on classes without restrictions to the geometry and loads on 
the structure that hinder obtaining the solution in an analytical procedure. However there is a lack of 
incorporating experimental test on the teaching process. This methodology is usually avoided due to 
the difficulties related to the manufacturing and testing processes. The main advantage of the 3D 
printing technology is its ability to manufacture complex geometries in an easy and affordable way. As 
Anant K. Kukreti [5] stablished, the mathematical knowledge in today’s engineering students has to be 
increased with the appreciation of the real behavior of the structures. As he stablished it has to be 
recognized the crucial role that experimental testing plays in providing a meaningful structural 
engineering experience to the undergraduate students. 

Therefore in this project it is proposed the design and manufacturing of structural elements using 3D 
printing technology to carry some experimental tests on them, analysing its behaviour. Particularly this 
project is applied to the “Aerospace structure” course and therefore a thin walled beam is analysed. 
This work shows that, after the participation of the students on the project, their motivation has been 
increased resulting in an improving of the teaching methodology and students’ results.  

Proceedings of EDULEARN17 Conference 
3rd-5th July 2017, Barcelona, Spain

ISBN: 978-84-697-3777-4
3550



2 3D PRINTING TECHNOLOGY 
3D printing technology is a technological process based on the additive manufacturing. There are 
different technologies that can be used for 3D printing, although the more extended one is the Fused 
Filament Fabrication. It is a manufacturing technique useful for prototyping and small scale production. 
This method can use different materials to manufacture the products, being the polymer ABS or PLA 
the most used ones. The method consists on a filament that is heated up close to its melting 
temperature and it is extruded and deposited into a surface. The 3D printer has an automatic 
positioning system that is able to go over the shape of the part geometry, building a layer of the 
manufactured part. After all the layers are deposited the product is totally finished. The main strength 
of this technique is its ability of manufacturing complex designs of structural elements in an affordable 
and easy way. 

3 METHODOLOGY 

3.1 Teaching methodology 
The proposed educational enhanced learning project is accomplished in the subject “Aerospace 
structures”. This subject belongs to the 5th semester of Bachelor's Degree in Aerospace Engineering 
of The University Carlos III of Madrid, and it covers the strength analysis of the types of structures that 
can appear in the aerospace industrial sector [6]; in this case thin walled beams (wing, stiffeners), thin 
plates (fuselage, wing skin panels) and composite structures. This project is focused on the first type 
of the mentioned structures, thin walled beams. The project has to be designed according to the 
criteria of the European Superior Education Space (EEES), used by the Spanish education 
organization. The classes are divided in three different types: aggregated session (100 student per 
class), reduced session (50 student per class) and laboratory session (20 student per class). The first 
two are taken regularly each week (2h) in which the first is mainly focused on the theoretical 
explanation of the program subject, while the second is centered on solving practical exercises. In the 
third type (8h per semester), students have access to computer labs to perform some structure 
analysis using a commercial finite element code. Therefore, in the subject is used a whole range of 
methodologies to cover the learning process of the behavior of aerospace structure: from the 
theoretical knowledge to the analytical and numerical skills. However there is only one lack: that 
corresponds to the experimental test. This methodology is usually avoided due to the difficulties 
related to the manufacturing and testing processes. In order to perform experimental test on 
aerospace structure it is needed quasiestatic servo hydraulic machine, real fixture that has to be 
manufactured to adapt the structure to the servo hydraulic machine and the aerospace structure. 
Among the complexity of these tests, it also has to be taken into account the economic cost. The main 
advantage of the 3D printing technology is its ability to manufacture complex geometries in an easy 
and affordable way. The use of metals or other structural materials is still expensive, even in the 3D 
printing technology. Nevertheless, polymer materials can be used for manufacturing structural 
elements that can be equivalent in terms of geometry and elastic behavior to the real structural 
components. Therefore in this project it is proposed the design and manufacturing of a thin walled 
beam using 3D printing technology to perform some structural test to analyse its behaviour. As it is 
stablished by Anant K. Kukreti [5] the analysis of structures using a small-scale structural behavior 
laboratory can be very useful in this type of subjects. This work is set as a voluntary laboratory session 
that takes part outside the regular student timetable. Student participation is encouraged giving the 
possibility to obtain an adding mark, up to 1 point, in the final mark for doing the work. However, in 
future years this work can be incorporated as a regular laboratory session completing the different 
methods to analyse the behaviour of a thin walled beam.  

3.2 Student work proposal 
At the beginning of the semester it is proposed to the students the present project as a voluntary 
laboratory session. Students are divided into groups of maximum three students to carry out the work. 
The different tasks that included the present project are depicted in Fig. 1 and they are explained in 
the following subsection. 
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Figure 1. Task during the project. 

3.2.1 Designing of the beam 

The first task that the students have to perform is the design of a thin-walled beam. The student group 
can choose freely the design of the beam, accomplishing some geometrical requirements. In this case 
the geometrical requirements are that the cross section has to be contained in a square of 15x15 mm 
x mm and the length of the beam has to be equal to 150 mm. The thickness of the walls of the beam 
has to be fixed to 1 mm. Additionally, it is required a clamping region, that is a box of 15 x 15 x 15 mm 
x mm x mm attached to the beam, needed to produce the adequate boundary condition. Also a hole 
has to be placed at the end of the beam to apply the load to the structure. The students have to take 
into the account the requirements of 3D printing, as for example the use of scaffolds and the possibility 
of removing it before the test. Fig. 2 shows an example of a beam designed. The design has to be 
made in any CAD software as CATIA, Pro/Engineer.., however it is encouraged the use of Open 
source software as FreeCAD. After the designing of the beam, the students have to export its design 
in a geometry file (preferably .stl) that can be used for the software (Slic3r) that generated the g-code 
file needed to print the beam. 

 
Figure 2. Example of the design of the beam done in FreeCAD. 

3.2.2 3D printing  
The beam has to be manufactured using 3D printing technology with PLA material. In this case, it is 
used the BQ Prusa I3 Hephestos, an open hardware 3D device. This 3D printer is able to print in a 
volume of 215 x 210 x 180 mm x mm x mm, large enough to manufacture the proposed beam. It has 
been selected this 3D printer for its low cost (500€) and to promote the open hardware devices. PLA 
material is able to have enough stiffness and strength to carry certain loads that let to see adequately 
the behavior of the beam [7]. The printer parameters are set by the teachers in order to all beam are 
made by same conditions. The 3D printing parameters are detailed in the table 1. The printing is 
performed in the Department of Continuum Mechanics and Structural Analysis by supervision of 
department staff. However, students are encouraged to visit the printer and help during the printing 
task. The total time of the printing depends on the geometry selected but usually does not exceed the 
90 min of duration, while also the quantity of material required is also scarce (15 gr that is 10 cent €) 
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Table 1.  Printing parameters used. 

Parameter Value 

Printer BQ Prusa I3 Hephestos 

Material PLA 

Nozzle diameter 0.4 mm 

Temperature 220 ºC 

Infill printing velocity 80 mm/s 

Perimeter printing velocity 50 mm/s 

Filling level 20% 

Filling pattern Honeycomb 

3.2.3 Report 
Previously to the manufacturing of the designed beams, the student groups have to perform a 
numerical or analytical study, which is validated with the experimental test. The final purpose is to be 
able to explain the behaviour of the beam, and also review the knowledge of the learned in the regular 
classes. The conclusions have to be written in a report that is delivered to the teacher. 

3.2.4 Testing 
After the manufacturing, the beam is tested in the labs of the Department of Continuum Mechanics 
and Structural Analysis. The load condition is such that the beam can be considered as a cantilever 
beam, clamped in an end and with a weight (vertical load) in the other end. The clamped condition is 
reached fixing the beam to a table in the clamped region. Then the load is applied with a weight that is 
attached to the beam using the holes created in the other end. In order to obtain the displacement, the 
end cross section in which the load is applied is photographed before and after the application of the 
load. The use of a tracking analysis software (Tracker[8]) allows to obtain the displacement of the 
beam. The students can incorporate different holes to analyze how the position of the load influences 
the displacement of the beam.  

The test is guided by the teacher and staff from the department, but the student has to explain to the 
rest of the class, in accordance with its knowledge and the previous calculation made for the report, 
the behavior of the present beam, promoting the collaborative learning between the students. 

3.3 Evaluation method 
As it is said previously, this work is set as voluntary laboratory session; nevertheless the participation 
is encouraged by obtaining an extra point, up to 1 point, in the final exam mark. It has to be said that 
this maximum extra point is only taken into account if the final exam is passed. The mark in this work 
depends on the report done by the student, the aforementioned presentation of the results to the rest 
of the class and the participation during this lab test.  

4 RESULTS 

4.1 Experimental test  
Each group of students has manufactured a beam with the 3D printing technology to perform a 
structural test to analyse its behaviour. Each group has the freedom to select the geometry that they 
prefer, accomplishing certain restriction. Fig. 3 shows one selection of the beam manufactured by the 
students. It can be seen that many different geometries were designed thanks to the ability of 3D 
printing to manufacture it, therefore many different behaviour are expected to see in the experimental 
test. The analysis includes its bending and torsional behaviour. 
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Figure 3. Different beams manufactured by each group. 

Fig. 4 shows the typical C-cross section beam in which the shear centre, geometrical point in which 
the beam rotates when it is subjected to a torque, is at left from its web centre. Both images show the 
beam subjected to the same vertical load, but different torque due to the fact that the point of 
application is moved with respect to the position of the shear centre. As the load is applied far from the 
shear centre, the torque increases and it is expected a higher rotation, as it can be seen in the right 
figure. 

          
Figure 4. C-cross section beam subjected to different torques. 

 Left: Load close to the shear centre. Right: Load far from the shear centre. 

As it was already said the displacement of the beam can be obtained by means of a tracking analysis 
software. Fig. 5 shows a graph in which the force is plotted against the displacement of the lower right 
corner of the C-cross section of the beam for both conditions: load close to the shear centre and far 
from the shear centre. It can be seen how there is a linear trend between both quantities that shows 
that the structural test is carried out in the elastic regime. Also it can be noticed that when the load is 
far from the shear centre the displacement is higher due to the higher torque induced. 

 
Figure 5. Force vs displacement. 
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From the previous test it can be obtained also the displacement of the shear centre. In this point the 
rotation produced by the torsion is equal to zero and only the bending effect are taken into account. In 
this case it can be obtained a displacement of 3.99 mm with a load of 10.35 N. The elasticity modulus 
of the material can be obtained using the value of the displacement and the classic beam theory. In 
this case the displacement is  where P is the load, L the length of the beam, E the 
elastic modulus and Ix the moment of inertia, so the elastic modulus can be derived . 
In this case the elastic modulus of PLA is 1.46 GPa., which matches with the value obtained in the 
work of J. M. Chacón et al. [7] where it is obtained a range between 1.28-1.88GPa. 

Fig. 6 shows a cross section in which the product of inertia is not equal to zero. Due to this effect the 
neutral axis, in which normal stresses are equal to zero and the beam rotates around it when 
subjected to bending, is not a horizontal line and therefore it is expected both vertical and horizontal 
displacement, as it can be observed when the load is applied. 

    
Figure 6. Cross section beam subjected to different torques. Left: No load applied. Right: Load applied 

Also it can be done a comparison between experimental and numerical results. Fig 7 shows the 
displacement experienced in an experimental test and a numerical simulation performed in ABAQUS/ 
Standard to verify the rotation of the cross section when the load is not applied in the shear centre of 
the beam.  

    
Figure 7. Comparison between experimental tests and numerical simulations  

Once the different examples have been seen it can be concluded that the use of 3D printed beams 
can be used to analyse the behaviour of different thin walled beams when subjected to bending and 
torsion. The ability of the 3D printing technology to handle with different geometries makes it suitable 
to observe a wide range of different structural responses. 

4.2 Learning enhancing results 
It has been done an analysis of the proposed work based on the learning enhancement. First, it has to 
be mentioned that although this work is not compulsory for passing the subject, the percentage of 
participation is a 56%, which is an indicator to assure that the present work attracted the interest of the 
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students. According to the student surveys, it can be seen that the evaluation of the teaching process 
and the subject is higher than the average in the degree, 4,37/5 compared to 3,62/5 and 3,90/5 
compared to 3,75/5 respectively. This could be a good indicator that the proposed work enhances the 
learning process of the present subject. This indicator can also reflect that the interest for the subject 
could be increased with this type of project. Moreover the report and the experimental test performed 
help to reinforce the knowledge of the behaviour of thin walled beams. If the passing rate of the group 
of student that has not participated in the lab session is compared with the ones that participated on it, 
it can be seen an increase of 30% (from 37% to a 48%). Also if the final exam mark is taken into 
account (where the extra point is not considered) it can be seen that the mark is 1.2 points higher in 
the students that participated in this lab.  

As additional objectives for the present work, not directly related to the content of the subject but also 
important as skill for an engineer, it has to be highlighted the following aspects: 

• An improvement in the technological skills with the use of 3D printing technology and CAD 
software for the student. Also it is encouraged the use of open source software. 

• The present activity encouraged the student creativity and capacity for individual critical 
analysis. The student has the freedom to select the cross section that they want in order to be 
able to observe interesting structural responses.  

• It has been promoted both the collaborative learning and the team working skills. 

5 CONCLUSIONS 
In this work, it is presented an educational enhancing learning project in which 3D printed beams are 
subjected to different structural test to analyse its behaviour, complementing the knowledge imparted 
in the aerospace structure subject. The following conclusions has to be highlighted: 

• The project has created an interest in the student, as the participation rate exhibits. Moreover 
the higher mark in the student survey for the teaching process and the subject would indicate 
that the project has been useful and interesting for the student. 

• The group of students that participates in the voluntary lab session exhibits higher mark in the 
final exam and a 30% more in the passing rate for the subject. 

• 3D printer beam can be used successfully to perform small-scale structural test that can be 
used to verify experimentally the classic beam theory and observe the real behaviour of 
structures. 

• Numerical and analytical methods can complement also the analysis performed in the lab. 

• Other skills, not directly related to the subject, has been improved with the participation in the 
present project as it can be the technological knowledge, student creativity and team working 
skills. 

• The use of open sources technologies, software and hardware, increase the collaborative 
learning and web-sharing skills of the students; Also reducing the possible economical barriers. 
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