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Abstract 

The MAKEITREAL technical reference guide provides technical information on Computer Aided 

Design (CAD) and 3D printing and is related to the MAKEITREAL learning intervention. The 

reference guide presents in an easy to grasp way all the technical issues and the practicalities that 

should be considered by the teachers regarding the digital fabrication tools, 3D modelling, 3D 

printing technologies in the classroom. The guide elaborates on key technical decisions at a high 

level helping teachers overcoming any obstacles and concerns regarding technical aspects. This guide 

can be useful for teachers (within and beyond the partnership) with interest in applying the 

MAKEITREAL learning intervention and it is available as open educational resource (OER). 
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Chapter 1: Introduction 

1.1 The MakeITReal Project 

The MAKEITREAL project aims at engaging school students in innovative and making activities 
following the “Maker Movement” trend in education, a global drive that encourages young people 
to be creative with technology. The project infuses Arts into STEM, links STEM to real life and 
engages students in product design and making practices. Product design is chosen as a practice that 
integrates STEM disciplines, is a creative process providing links to Arts and is also reflected in 
industrial practices immersing students in entrepreneurial thinking and in the business culture. The 
project aims at providing responses to the needs of students that are at risk of school disengagement 
and feel that school courses are not related to real life and do not address their needs for practical, 
creative and hands-on activities. In this light, the project primarily addresses the needs of students at 
risk of school failure and school disengagement and to re-motive their interest in schooling. The 
project draws upon several studies that assure that digital fabrication, making tools, 3D modelling 
and 3D printing can support product design and combined with the theories of Constructivism and 
Constructionism can provide interactive learning experiences that enhance basic skills in STEM 
disciplines and promote students’ creativity, critical thinking, teamwork, and problem solving skills 
–skills that are essential in the workplace of the 21st century. However, claim these tools are usually 
introduced according to a narrow perception as being suitable only for talented STEM-oriented 
students. The project also involves teachers and aims at supporting them in developing the skills 
needed in order to facilitate the learning process, to re-motive and guide meaningfully their students 
for addressing underachievement in STEM. 

1.2 Computer Aided Design (CAD) and 3D Printing 

The role of technology, in a traditional school setting, is to facilitate, through increased efficiency 
and effectiveness, the education of knowledge and skills. There have been many programme 
development initiatives in design and technology over the last years, some have addressed the whole 
rationale of the subject, some have developed thinking and understanding, and some have produced 
a range of low cost equipment or curriculum materials. The impact over time of many of these 
initiatives can be measured by their influence and impact on practice in the schools. The computer 
aided design (CAD) and 3D printing might have more rapid impact than perhaps any other design 
and technology. The digital way of designing and manufacturing is mature enough that can allow 
teachers to be able to teach CAD and 3D printing with powerful tools that industry uses and it can 
give students tools to allow them to be creative, liberating them from time consuming drawing and 
exciting them with tools which enable complex activities to be carried out.  

The European Union has an enormous number of engineering, manufacturing and creativity in 
businesses of various sizes, all of which need young, enthusiastic and skilled employees. Low skilled 
people that lack basic and transversal skills face difficulty in their professional growth and can 
obstruct economical and societal growth. To alleviate such potential problem voices from educational 
communities and the society call for a paradigm shift towards open and innovative education and 
training embedded in the digital era and tailored to students’ needs and daily experiences. Innovative 
technologies coupled with novel pedagogies can serve as an important factor to this end. 

Using CAD and 3D printing will provide students with a very valuable experience in working in the 
3D environment and designing in an iterative and creative way that is currently used in industry. In 
addition to this they will be using and applying mathematical skills to use the software. Even the 
most basic session using 3D design requires the application of geometry, measures and mental 
strategies. Teaching design, engineering, and mathematics through CAD and 3D printing can give a 
3D, physical realness to concepts that is very difficult to grasp without such tools. By 3D printing 
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their designs immediately using a 3D printer the students can have tangible results from their design 
process.  

The role of the teacher emerge as a crucial factor towards this shift. However, too many subject 
teachers are failing to keep pace with global technological advances and making too little use of 
modern technology. School teachers are expected to teach various subjects in the curriculum thereby 
very few of them have any specific training in 3D design. The teachers need support in being able to 
apply innovative teaching methods, carrying out engaging learning activities in science, engineering 
and mathematics (STEM) with the use of new technologies; they need support in developing their 
own styles and tailoring their teaching practices to the needs of their students, especially to the 
struggling ones. 

It is the aim of the technical reference guide to support teachers by educating them in the basics of 
CAD and 3D printing to innovative and stimulating ways in order to be able to teach STEM and 
design subjects. There is a need for good quality upfront training of teachers when introducing new 
technologies.  
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Chapter 2: Education in the 21st century 

The culture of Do-It-Yourself, and the globally emerging Maker movement reinforces the need for 
digital manufacturing workshops in schools, and in particular 3D printing, considering the fact that 
desktop 3D printers are becoming accessible and easy to handle. The so called FAB LABS located 
at schools or community centers are developing rapidly worldwide offering 3D printing services, 
digital laser cutting and CNC milling support direct access to knowledge through the open source 
culture and democratized technology. 

3D printing activities in schools aim to educate students on the use of digital tools for design and 
production, offer students the possibility to use them for the manufacture of customized objects, for 
educational and creative purposes.  

2.1 Design and Technology Curriculum 

Most countries include both technology subjects as well as arts in secondary education curriculum, 
but in few occasions such topics are linked to counter inform each other. Certain   countries, including 
the UK have effectively linked this with hands-on activities, design skills and active learning. The 
UK national curriculum introduced Design and Technology as a distinct academic subject in 1990 
[1]. In processes that involve active learning there is a change in the way students learn “the pupil is 
transformed from passive recipient into active participant. Not so much studying technology as being 
a technologist" [2]. 

Having studied three national curricula (Cyprus, England and Iceland) authors Mettas, Thorsteinsson 
and Norman (2007) conclude that although technology and design classes afford themselves for 
training students in decision making, it is often the educators that share the belief that this is not 
feasible and that pupils rarely “set appropriate criteria to support their design decisions and that 
associated formal training in decision making techniques might improve the quality of children’s 
decisions during design activities”[3]. The so-called technical tinkering is crucial to problem solving 
that eventually leads to design decisions [4] therefore both problem-based as well as project-based 
learning prove to be ideal strategies for the teaching of design and technology. 

In an attempt to bridge the gaps among disciplines and introduce blended learning opportunities in 
secondary education, taking advantage of the multiple benefits of the constructivist approach and 
active learning doctrines the STEM education has introduced classroom activities that introduce a 
hands-on exploratory teaching agenda. STEM [Science, Technology, Engineering and Mathematics] 
is an acronym which refers to the educational policy for the fields related to Science, Technology, 
Engineering Science and Mathematics. 

There is a rich literature on STEM education and many activities designed by teachers in the US and 
is available for use. Several teaching resources can be found in the end of this technical reference 
guide. STEM education is generally based on active learning; it requires the student’s involvement 
encouraging exploratory learning. Students work in groups, ask questions and work together to solve 
problems often making use of new technologies. Very often the STEM agenda includes courses 
related to robotics, construction and 3D printing. 

In an attempt to empower the local industry and prepare students for STEM disciplines, European 
countries, adopt the strategy of integrating STEM principles in primary - secondary and higher 
education.  

Towards this direction, the European Schoolnet, a network of 30 European Ministries of Education, 
based in Brussels, has started (since 2009) an attempt to integrate STEM and encourage schools 
across Europe to develop pilot learning activities in class, exploring the use of new pedagogical tools 
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for teaching STEM courses. A report on the results in 30 countries has revealed good practice towards 
the objective to increase students’ interest in pursuing Science, Technology, Engineering, and 
Mathematics [5]. 

In most countries the principles of STEM education are not fully integrated into the existing 
compulsory school system. This would require central planning and the use of special equipment that 
is not yet available in all schools.  

In recent years several researchers have adopted the term "STEAM" [Science, Technology, Art, 
Engineering and Mathematics] as opposed to the already well-established STEM education in an 
attempt to include the Arts, drawing on design principles and encouraging creative solutions [6] and 
aiming to promote innovative convergence and invention education at schools. STEAM education is 
seen to improve student creativity [7].STEAM is based on STEM education, which grew out of the 
necessity to involve the arts and creative disciplines as a means of binding together technological 
and scientific disciplines into a holistic learning approach [8].  

During the last decades there is a growing acceptance of learning-by-making, it is broadly recognized 
that knowledge is a consequence of experience and that the role of technology is significant in the 
construction of knowledge [9]. What most contemporary learning approaches have in common is the 
student’s active involvement. It is no coincidence that knowledge acquisition is often described by 
action verbs, learning by doing, learning by playing, learning by making to name a few. There is a 
clear tendency towards the use of computer based processes and 3D printing in particular in 
education. Many researchers agree that it is crucial to integrate digital technologies and they support 
digital learning across the curriculum [10].  

Contemporary education suggests Project Based Learning (PBL) as an interactive learning strategy 
for technology related courses. Within these lines, the technical framework guide offers an overview 
of educational approaches related to 3D printing, and introduction to CAD systems and 
manufacturing and sample exercises that cover the basics of CAD and 3d printing. 

2.2 Maker Movement, FAB LABS& Hackerspaces 

Makerspaces, FAB LABS and connected learning in Hackerspaces are becoming the next big thing 
in education. Particularly makerspaces are considered as ideal learning spaces for STEM courses. 
Contemporary trends in education are moving towards blended and virtual learning that offer 
opportunities for personalized learning.  

Considering the current diffusion of digital media for design and fabrication and the easy access to 
fab labs (fabrication laboratories) almost in all major European cities, learning how to design with 
digital tools and fabricate objects with a 3D printer is becoming extremely relevant for both 
professionals and hobbyists. The Maker Movement has emerged from the DIY culture and has 
embraced the use of digital technologies and particularly 3D printers. The Maker movement has 
gained great popularity and this gave rise to a series of events, among which the MAKER Fairs, a 
festival for the entire family, celebrating creativity, innovation and ingenuity. The MAKER Fairs 
emerged in the US in 2006 and have spread around the world very rapidly. Indicatively, in 2014 
alone 119 small independent festivals (mini) and 14 large-scale (featured) Maker Fairs were held 
around the world, including cities such as Tokyo, Rome, Detroit, Oslo and Shenzhen. Maker Fairs 
are primarily places to exchange knowledge and demonstrate innovative construction applications, 
electronics, robotics, DIY (Do-It-Yourself) creations and technological applications made by 
students or scientists using digital manufacturing machines, 3D printers, laser cutters, CNC mills and 
Arduino microcontrollers. 
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Figure 1. From the Maker Faire in Rome - Image source:http://makerfaire.com 

 

The FAB LABS (Fabrication Laboratories) is also a great resource within the culture of 3D printing. 
Usually located in universities, schools, libraries or museums, the FAB LABS democratize 
knowledge and fabrication and make digital technologies available to the broader community. 
Usually FAB LABS are equipped with 3D printers, laser cutters and CNC machines, they are open 
to the public following some health and safety instruction and very often they conduct seminars for 
students or adults. The international FAB LAB Academy offers internationally accredited courses 
for FAB LAB trainers and facilitates the exchange of knowledge and the building of an international 
network of FAB LABS in all major cities. The following maps show the current number and locations 
of official FAB LABS accompanied by the description of available facilities and other important 
information.  
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Figure 2. Global and European map of FAB LABS - Image source:https://www.fablabs.io/labs 

A hackerspace is a concept very similar to FAB LAB. It is a community-operated workspace where 
people meet, share knowledge about technologically advanced topics, mainly computers, robotics, 
3D printers and microcontrollers. Hackerspaces, which are also present in most major cities, are non-
profit and encourage peer learning and knowledge sharing. They often organize workshops and are 
run by young people, start-uppers, students and young professionals. Hackerspaces support the 
development and diffusion of open source software (OSS). 
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2.3 CAD in Education 

Computer Aided Design (CAD)is becoming part of several different areas of everyday life. It is seen 
that CAD courses are part of many educational programs, not only university level, but also primary 
and secondary education, usually linked to courses related to informatics or design. The increasing 
importance of CAD education has featured in a multitude of scientific papers and special Journal 
issues, such as the journal Computer Aided Design. An example of the teaching of CAD within the 
Austrian school system is seen in the following figure [11]. In the figure the level of competence is 
classified as Beginner Level (B-Level), Technician Level (T-Level), Advanced Level (A-Level) and 
University Level (U-Level). 

 

Figure 3. Classification of CAD Levels in education – Image source: Asperl, 2005 

There is evidence that even primary education students can successfully engage in CAD-3D 
PRINTER SOFTWARE activities [12], however CAD educators and psychologists suggest that 13-
14 is the best age to improve spatial ability [11]. It is therefore a good stage in student development 
to engage in 3D modeling after having gained a basic understanding of 2D drafting. The age group 
of Make it Real project is located somewhere between B-Level and T-Level with possibilities to 
extend until A-Level. Therefore this includes a basic CAD training, with sketching and spatial 
transformations (move, scale, rotate, mirror) the creation of primitives (spheres, cones, cylinders, 
boxes) and Boolean operations (Adding, Subtracting, Intersecting solids). According to Asperl, these 
are included in B-Level (13-14 years old). The next stage T-Level (15-16 years) includes the 
generation of extrusions, feature based modeling (fillets, chamfers, blends, drills) parametric design, 
Bezier curves and B-splines, as well as classical transformations (sweeps, lofts, revolutions). The last 
stage before university A-Level (17-18 years) is a demanding one, as students are required to have 
already mastered the aforementioned topics. However, students at this stage of education have a good 
knowledge of basic mathematics (linear algebra, analytic geometry, vector algebra, calculus) and this 
background enables them to have a deeper understanding of 3D space and transformations[11]. 
Therefore they are able to understand the theoretical and mathematical concepts of basic curves, 
Bezier and B-splines. They have the ability to grasp more complex concepts, solve spatial problems 
and manipulate free form surfaces. 

There is a huge body of good practice in teaching CAD in secondary education [13], [14], as well as 
a great variety of teaching resources, models, and curriculum suggestions.  There are cases that 
suggest the use of solid modeling as a tool for the teaching of mathematical and geometrical 
concepts[15].  

The examples that will be presented in Chapter 5 will cover all the topics of the aforementioned 
levels, in easy to grasp exercises that are built having in mind the particular age group. The exercises 
will be presented in logical sequence and ascending level of difficulty, departing from B-Level, 
ascending to T-Level and offering few but meaningful examples that would be considered A-Level 
according to the above classification. 
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2.4 3D printing in Schools 

Within this ever-growing culture of making, digital fabrication and customized fabrication, the 
integration of 3D printing in the school curriculum offers immense benefits to education, as it can be 
incorporated to a variety of different topics. 3D printers have been extensively used and tested in the 
training of mechanical engineers, in recent years they have been introduced for the needs of 
secondary education, always considering the knowledge level and background of the students and 
adapting the curriculum accordingly. 3D printed models are seen to encourage enthusiasm, motivate 
students and facilitate their learning as they offer a direct feedback through the physical and therefore 
“tangible” objects [16], [17]. 3D modeling technologies and related techniques are emerging core 
competencies due to the increasing popularity of 3D printers[18], therefore these two aspects, namely 
the act of designing and that of 3d printing have to be seen in parallel, as they influence and counter-
inform each other. The actual 3D printed objects can in offer a framework for training learners in 
modeling techniques, using solid3D printed models as learning aids [18].  

There are several examples and case studies of 3D printing courses in secondary education. Some of 
them are officially integrated in the curriculum, mainly in the UK and the US, while others operate 
as pilot projects, as extra-curricular activities or linked to some core course of the curriculum, such 
as geometry, design and technology [18]–[21].  

 

Figure 4. Basic steps of the project as shown in case studies at schools in Greece  -  Image 
source: Kostakis et al., 2015 

3-D printing technologies have the potential to improve both  STEM as well as Career and Technical 
Education (CTE), will providing learners with opportunities for cross-curriculum engagement [20]. 
Several schools implement open source 3D printers (OS3DPs),called RepRaps because they are self-
REPlicating RAPid prototypes [20].RepRaps use a manufacturing method known as fused deposition 
modelling (FDM). Details regarding this technology will be seen in Chapter 4. 
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Figure 5. Teacher training with Rep Rap 3D printers at Michigan Technological University – 
Image source: Schelly et al., 2015 

In particular 3D printing in schools is seen to aid students to develop collaborative and creative design 
practices. Among the benefits of 3D printing in schools Schelly et al. identify the following [20]. The 
teaching using 3D printers helps to: 

(1) integrate STEM,CTE and other class subjects through cross-curriculum education, 

(2) empower students through active learning, 

(3) get students who are relatively non-involved, because of either bored on or perceptions 
of non-relevance to engage 

(4) transform educational processes so that students are makers and creators rather than 
passive consumers of both knowledge and products. 

 

2.5 Integration of 3D printing in school courses 

The use of 3D printers can offer opportunities for an interdisciplinary approach to learning. It offers 
real-life challenges and a great recourse in order to integrate hands-on problem solving into the 
existing school curriculum. Several schools have begun to offer 3D printing courses, but the great 
strength of it lies in the fact that it may be combined with several different disciplines to enrich the 
learning, offer a participatory and active involvement in the creation of new knowledge, motivate 
students to engage in hands-on activities and encourage creative thinking and innovation. Examples 
of integration with other courses from the school curriculum may be the following. 
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History and Architecture : Students can model and 3D print a historical object or building, the 
landmark of a city, or even parts of a 3D map. 

Math : 3D printed objects are essential for geometry learning. Students can explore optical illusions, 
geometry paradoxes as well as platonic and Archimedean solids, they could design and 3D print 
fractal forms and gain a hands-on understanding of mathematical principles.  

Science: The 3D printer offers the opportunity to create representation of molecular structures, the 
helicoid DNA strands, as well as biological cells and parts of the planetary system. 

Technology and engineering: Students can 3D print gears to create mechanisms or connectors and 
components to use in construction experiments. A great exercise is to create a bridge with 3D printed 
parts, or an automaton toy. 

Language and literature: Students can visualize, design and fabricate important characters, objects 
or scenes to bring a legend or novel to life, or to create props for drama and theater representations 
of the classics. 

Computation and robotics: Educational robotics is an emerging trend and very often robots are 
customized with unique, custom 3D printed parts that perform a particular task, as opposed to 
standard components. These may be combine with Arduino microcontrollers and programming for 
the creation of a project of bigger scale. 

Art:  3D modeling can be seen as an artistic act by itself, as the students are prompted to design and 
envision a unique three-dimensional form. Therefore a 3D printed object can form an artistic object, 
a sculpture or other form of art. Additionally, the 3D printer can produce tools, molds or stamps for 
working with clay, paints, plaster or other materials. 

Music: Apart from the known examples of 3D printed instruments, whistles, maracas and scratchers, 
there have been examples such as flutes and violins that consist of 3D printed parts. Students can be 
inventive and combine their knowledge to invent new tools and instruments for producing sound. 
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Chapter 3: Computer Aided Design (CAD) 

Computer Aided Design (CAD) refers to the use of computer systems to assist in the creation, 
modification, analysis, and optimization of a design [22]. The developments in CAD systems date 
back to the mid-1960s, Computer Aided Design was initially introduced as a medium to improve the 
productivity of engineers in large manufacturing companies mainly in the fields of automotive and 
aerospace design. Early CAD systems were mainly used as 2D drafting tools, the transition to 3D 
was through wireframe models, representing the edges of solid objects.  

The developments and innovations in CAD systems were propagated either by the industry or by the 
academic world. An important benchmark in the development of CAD systems was the first 
interactive graphics system, Sketchpad, invented by I. Sutherland at MIT in 1963 [23]. The work of 
Sutherland prompted the automotive and aerospace industry to initiate their own projects harnessing 
the power of the computer for their design needs. Projects undertaken by General Motors and IBM 
where strongly influenced by the work of Sutherland. Throughout the history of CAD the constant 
feedback and transfer of knowledge among academia and praxis, has always been of crucial 
importance throughout the history of CAD systems.  

 

3.1 Advantages of CAD systems 

The introduction of CAD systems has brought many advantages to the design process. Scale can be 
calculated automatically, and this reduces the need for measuring tools and time consuming 
calculations. Editing a design becomes easier and faster, design elements can be easily stored and 
reused in new projects, as the computer enables copy-paste capabilities. Computer produced plans 
and drawings are much more accurate than hand-drawn ones and the seamless transfer of information 
from design to production (CAD-3D PRINTER SOFTWARE) permits designer to easily 
manufacture physical prototypes of their designs. 3D visualizations in CAD systems offer a clear 
idea of a design that can be easily understood by non-engineers, as opposed to the traditional sections 
and elevations that were used to represent tri-dimensional shapes. 

Most of the CAD tools were initially developed for mechanical design and construction of 
components. In most of the cases, the procedure is based on a 2D sketch which is subsequently 
converted into 3D volume through extrusion, rotation, sweep [24]. It is also possible to create 3D 
sketches or 3D solids through programming. 

Currently CAD is used for the design of curves and figures in two-dimensional (2D) space; or curves, 
surfaces, and solids in three-dimensional (3D) space. Very often we may also refer to computer-aided 
geometric design (CAGD), when CAD systems are used to design geometric models for object 
shapes [25]. This includes mathematical formulas and algorithms able to translate user input into a 
computer-based representation. These algorithms are usually referred to as a Geometric Kernel, a 3D 
solid modeling software component used in CAD packages. 

The main role of CAD is to define the geometry of a product, building, element, etc. This is essential 
to all the subsequent activities in the product cycle, as the model generated in this phase will form 
the basis for the models to be used for engineering and manufacturing.  

In addition to the above, researchers suggest that CAD might potentially encourage creativity in 
designing, identifying creative behaviors such as motivation, fluency, flexibility, sensitivity, 
insightfulness [13], [26]. 
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Since the early developments in CAD and until now, there have been several software packages 
available in the market, many of which are open source and freely available. A detailed review of the 
most popular CAD systems is available at the end of this chapter. 

3.2 Polygon Meshes and NURBS 

3D printing requires STL file format in the majority of cases. It is therefore recommended to select 
a software package that can export to STL format (which is triangular mesh format). It is possible to 
create the object directly as a mesh from the beginning or work in NURBS software and then convert 
before exporting for the 3D printer. 

Among the benefits of NURBS, is that they create smoother images. NURBS models are more 
accurate, mathematically defined and not pixilated. For advanced modeling works within the fields 
of engineering and product, NURBS-based computer rendering is preferred to polygon mesh based 
programs. NURBS are modified by moving their control points, which in curved surfaces lie outside 
the object itself. This may be tricky for beginners but it is often preferred by experienced users. 
NURBS surfaces are not by default solid, which means that an experienced designer would need to 
make sure that all “seams” are completely closed and the object is watertight. When the edges of a 
3D object do not exactly meet, the object is said to have “naked edges” and it can be not 3D printed. 

On the other hand Polygon Meshes use triangles or quads to create 3D shapes, this type of models 
create approximations of smooth edges. The shape may “pixelated”  if the triangulation is small and 
it will approximate but never completely achieve the perfect smoothness of a form created in 
NURBS. However, mesh modeling is easier to handle by beginners. A designer can simply push and 
pull points (vertices) on the mesh to move it. 

 

Figure 6. NURBS and Meshes 

In order to understand the differences, we could refer to difference between polygon mesh and 
NURBS surface as an analogy to the differences between raster images and vector graphics. The 
following table offers an overview of the main differences 

NURBS modeling employs mathematical representations of curves and surfaces 

• Smoother – Does not depend on resolution 

• Suitable for precision models 
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• Surfaces are made from curves and are controlled through control points 

• Take up less data space 

• Easily translatable into other programs – Easy conversion to MESH 

MESH modeling represents 3D surfaces as a series of discreet facets 

• Easy to manipulate 

• Surface is made up of vertices, edges and faces. 

• Generally easier to use 

• Can be modelled as a single, continuous surface 

• Lacks the level of detail and depends on resolution 

• Cannot easily convert to NURBS 

 

It is possible to start out a 3D model in NURBS and then convert to mesh before 3D printing. This 
step is possible in most software, but certain aspects need to be taken into consideration. The designer 
can choose the resolution (the number of polygons). High resolution results in smoother curves and 
surfaces, which will affect the 3D printed object. However, high resolution will result in an increased 
file size. This may bring additional difficulties, large files cannot be easily handled by all modeling 
software packages and in several cases it may result in files that are too large even for the 3D printer 
to handle. It takes experience to be able to identify the perfect balance between resolution and file 
size. Each geometry may require different settings. In addition, the conversion from Mesh to NURBS 
can result in mistakes, naked edges or holes, which needs to be further processed before it is fed to 
the 3D printer. This type of problems would require some “mesh healing” or even some “cleaning” 
method to reduce the file size. It is therefore recommended to avoid conversions and advanced mesh 
editing, by directly using a polygon mesh modeler. 

3.3 Solid and surface modeling 

Two common techniques in CAD are solid and surface modeling. We find software packages that 
employs one of the two or both. Solid models are considered a “watertight” which is a requirement 
for 3D printing. Solid models may be assembled together in more complex systems where smaller 
parts of the model make up the whole. Solid models can intersect, join and subtract objects from one 
another to create the desired results with regards to the shape and form.  

Surface modeling, on the other hand, focuses more on the external aspects of an object. An object is 
described by its surface boundaries. We often refer to that as Boundary Representation or BREP. 
This type of modeling is often employed in product design, as it permits more free-form shapes and 
this can result in sleeker geometries. However, it lacks the “watertight” feature of solid modeling. If 
a cut into the design is made, the object appears to be hollow. For most of them, a closed shape, with 
no “naked edges” is considered a solid. Some of them offer the possibility to explode a solid (or 
polysurface) to its parts (the surfaces) or join it back. This might also lead to errors, which are not 
always easy to tackle.  
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Figure 7. Solid model example: Geometric construction of the words MAKE IT REAL 

This gives solid modeling an advantage over surface modeling because the object can be defined 
more intricately, mistakes are more easily avoided and the objects are watertight. Surface modelers 
are rarely parametric, which may result in time consuming editing if an object is to be modified. On 
the other hand most solid modelers are parametric, it is possible to look at the commands that were 
used to create the design and modify the parameters. Their general characteristics are seen in the 
following table: 

Solid modeling is for representing solid objects  

• Used for engineering analysis, graphics and product visualization, animation, prototyping  

• It uses mathematical principles to create 3D solid objects 

• The object is considered a “watertight” model  

• Solid models can intersect, join and subtract objects from one another 

• Does not permit errors, like naked edges or non-manifold edges 

Surface modeling focuses more on the external aspects of an object 

• It develops an object using surface created by 3D curves 

• It describes the surface boundaries of an object 

• It allows the viewer to see at each surface point where the solid interior is located. 

• It is used for creating the external aspect of a product or design.  

• It can allow for more free-form shapes  

• It can be converted to solid but it lacks the “watertight” feature of solid modeling  

 

Each type of modeling is used for particular purposes, depending on the type of design and 
production methods. There are pros and cons of each method, and these should be evaluated, to 
decide which of the two is more suitable to work with. For 3D printing in particular, as the 
“watertight” feature is a major requirement, solid modeling is preferred. 



MAKEITREAL Project Erasmus+ KA2 2016-1-PL01-KA201-026492 

20 

 

Figure 8. Solid and Surface Models 

3.4 Parametric modelling Vs Direct Modeling 

During the last decades there is a rise in the use of parametric - associative modelling in product 
design; the advances in design computation coupled with a strong influence from other disciplines 
such as biology and computer science have enriched current design research with more intricate 
design explorations. 

Parametric design software is based on rules of associativity, the designer can specify relationships 
among the parameters and derivative forms in a design. Mark Burry in his book Scripting Cultures 
explains that parametric design uses “a finite number of parameters, parametric design is based on 
a set of equations. Parametric design software includes parametric data embedded within 3D 
objects, such as height, thickness, weight and possibly specific attributes of materials” [27]. 

William Mitchel defined as parametric a model that can be described in terms of a small number of 
independent (usually dimensional) variables [28] 
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The great benefit of such process is the fact that during design modifications, which are present in 
the majority of projects, the designer can change only the affected parameters and the model will 
update without losing its integrity and internal logic. The changes that will be generated by the 
software are based on the associative rules imposed by the designer. “Associative and parametric 
geometry, in essence, describe the logic and intent of design proposals, rather than the form of the 
proposal itself” [29]. However the advantages of parametric design are not limited to the above, they 
have opened up a multitude of possibilities for design experimentation embedding physical 
parameters, geometrical constraints, construction requirements among others, in a precise and 
mathematically controlled manner, reducing the amount of time that design iterations would require 
when using traditional design media.  

It is therefore important to understand the benefits and limitations of the tools at hand and customize 
the design workflow to serve the design intent rather than being driven by the available tools. The 
following table offers an overview of the pros and cons of the aforementioned. 

PARAMETRIC modeling – Pros and cons 

• Suitable for exacting requirements and manufacturing criteria 

• Easy to modify and iterate 

• Associative logic 

• Automatic updates to the model if changes are made to the design 

• Easy definition and automatic creation of families of parts 

• Excellent integration with manufacturing processes 

• Not appropriate for quick digital sketches during initial design stages 

DIRECT modeling – Pros and cons 

• Creates geometry rather than features 

• Permits quick creation of new 3D models 

• Offers little design automation 

• Does not allow easy dimension-driven editing 

 

3D software tools support either parametric or direct modelling, and in some cases both. As the aim 
is to produce 3D printed objects, parametric modelling is preferable, due to the fact that changes in 
the geometry can be quickly implemented to adapt to 3D printer constraints, sizes, material and 
tolerances. Therefore it is recommended to select among parametric software tools. 

3.5 Additional criteria for software selection 

Among the main criteria that were taken into consideration for suggesting CAD software for MAKE 
IT REAL was the requirement to use open source software (OSS). This means that the source code 
is made available with a license in which the copyright holder provides the rights to study, change, 
and distribute the software to anyone and for any purpose. An open source software is free and is 
developed collaboratively by the community. Open software tools are considered more secure, 
transparent, flexible and affordable. Therefore they are strongly preferred to commercial tools. 
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Advantages of Open Source Software (OSS) 

• Security 

• High quality 

• Customizability and flexibility 

• Cost  

• Support through communities and forums 

• Auditability 

• Continually evolving 

• Interchangeable formats 

 

Among the most important criteria for software selection is the ease of use and the complexity of the 
user interface. Software is usually classified as beginner level, intermediate and professional. As the 
end users within MAKEITREAL project are high school students (secondary education), it is deemed 
necessary to pick a user friendly software with a relatively easy learning curve, so as not to discourage 
students from using it, and motivate them to engage in hands-on activities to produce their own 
models. Therefore software tools that are characterized as beginner level are preferred. Opting for a 
popular software was also a key priority, because this means that there are more learning resources, 
forums and communities of users that can help with technical issues. 

File compatibility is also an important factor. While most of the software packages allow users to 
export in STL format (as it is required by 3D printers), some of them support a great variety of 
formats, while others can only operate only in their native file format. This would pose no obstacle 
if a model is created from scratch and exported for 3d printing. However in often cases a design is 
made by a combination of different elements, some of them may be already modeled in other 
software, or obtained through 3d scanning. As a result, easy conversions from one format to another, 
and the possibility to import-export in different file formats would simplify the process of data 
exchange greatly. Last but not least, looking ahead into the future of educational practices, and 
considering the fact that most schools already offer programming courses, it is important to pick a 
software that offers the possibility to create customized functions through scripting. In this realm, 
Python, C++, VBA or Java may augment or optimize the capabilities of certain tool. Among these 
programming languages Python is gaining popularity because it is much easier to learn than C++ and 
Java, and it is already included in the school curriculum in several countries. Therefore a 3D modeler 
that supports Python scripting may be proved very useful for future applications. 

3.6 Software review 

For the purposes of MAKEITREAL project a review of CAD software packages revealed the 30 
most popular platforms among academics and industry (Figures 9-10). These included both 
commercial as well as open source software solutions which were classified according to the 
aforementioned criteria. These are presented in the following table. Considering the aforementioned 
criteria FreeCAD appears to be an option that perfectly meets the needs of MAKEITREAL project. 
FreeCAD is desktop based, as opposed to other software that are mobile or browser based [24]. This 
is considered an asset, no internet connection is necessary for the software to operate. Therefore, 
FreeCAD has been used to create the sample exercises presented in this technical reference guide. 
This is one of many possible solutions for teaching CAD and it is by no means restrictive. Some 
schools might chose to carry out the CAD teaching on some alternative platform due to different 
reasons, and they may do so without major problems. The exercises proposed in the following 
chapters may be easily transcribed to other software if necessary. 
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The review of tools and technologies for 3D printing in schools revealed some of the most popular 
software for educational purposes. Among them we find Tinkercad, Openscad, Sculptris and 123D 
Design. TinkerCAD is cloud based, which was considered as negative, because it requires internet 
connection on the workstations, which is not always available. It offers mainly geometric primitives 
and ready-made objects for fast designs, but not really contribute to the learning of geometry and it 
is very limited. It would be probably appropriate for younger students (primary education) but it is 
not suitable for the specific age group of Make It Real project. OPENSCAD is a parametric software, 
but it is not very user friendly and appropriate for beginners as most operations mainly use code. 
This would be suitable for students and teachers that are already familiar with programming 
languages. With regards to that, FreeCAD is considered more user friendly, yet it does not present 
limitations, as it can also implement commands in a programming environment (Python) but this is 
optional and not a prerequisite. On the other hand Sculptris, is an artistic software, broadly 
categorized as “Sculpting” software. It offers an easy way into freeform modeling but is not really 
suitable for precise geometric modeling that would be of relevance for other STEM courses. 123D 
Design is a powerful tool which is very similar to FreeCAD. However it is not an open source 
software, and for this exact reason FreeCAD was preferred.  

FreeCAD is developed by an open source project and is mainly aimed towards engineering uses and 
product design. It is a feature-based, parametric and can incorporate additional functions and open 
source libraries without needing to change the main software [24]. FreeCAD is viewed as the most 
comprehensive freeware CAD tool from among the unlimited freeware CAD systems [24].  

FreeCAD is an open source software (OSS) that fulfils several different criteria. It is not targeted 
only to children (like Tinkercad) and therefore it has the flexibility to be applied for several different 
purposes. The aim is to equip students with a powerful tool that may be used not only for exclusive 
use for 3D printing, but as a generic CAD platform. Contemporary pedagogies support the concept 
of blended learning, combining digital media with traditional classroom methods. Therefore, 
parametric software such as FreeCAD can enrich other courses within the secondary education 
curriculum, such as mathematics, physics, programming, engineering, as it allows for the 
implementation of extra plugins and workbenches that perform additional tasks such as Robotics, 
Finite Elements Analysis among others. Of course, these are not within the current scope of Make It 
Real project, but the possibilities to incorporate extra functions, opens up a range of opportunities 
for future developments addressing interdisciplinary aspects and topics within the school curriculum. 
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Figure 9. Review of CAD software (part 1) 

` Developer Software Scripting languages Parametric Mesh/NURBS Surface/Solid Open Source Price Level Official Web Link File compatibility

1
Blender 

Foundation
Blender C, C++, Python Non Mesh & NURBS Surface Yes Free Professional https://www.blender.org/

3ds, dae, fbx, dxf, obj, x, lwo, svg, ply, 

stl, vrml, vrml97, x3d

2
Google / 

Trimble
SketchUP Ruby Non Mesh Surface/Solid No Free Intermediate www.sketchup.com

dwg, dxf, 3ds, dae, dem, def, ifc, kmz, 

stl

3
Dassualt 

systems
Solidworks VB or C# .NET Parametric Mesh/NURBS Solid No 9,950 € Professional + www.solidworks.com/

3dxml, 3dm, 3ds, 3mf, amf, dwg, dxf, 

idf, ifc, obj, pdf, sldprt, stp, stl, vrml

4 Autodesk AutoCAD LISP Non Mesh Surface No 1,400 €/year Professional www.autodesk.com/products/autocad dwg, dxf, pdf

5 Autodesk Maya MEL, Python Non Mesh/NURBS Surface No 1,470 €/year Professional www.autodesk.com/products/maya

ma, mb, mel, fbx, dae, abc, dxf, obj, 

iv, iges, dwg, mov, editMA, editMB, 

ctp, bullet, grp, rtg, mi, anim, apf, 

wire, stl, flt, prt, zpr

6 Autodesk 3D Max Maxscript, Python Parametric Mesh/NURBS Surface No 2,142 €/year Professional www.autodesk.com/products/3ds-max

stl, 3ds, ai, abc, ase, asm, catproduct, 

catpart, dem, dwg, dxf, dwf, flt, iges, 

ipt, jt, nx, obj, prj, prt, rvt, sat, skp, 

sldprt, sldasm, stp, vrml, w3d xml

7 Autodesk Inventor VBA Parametric Mesh/NURBS Solid No 2,060 €/year Professional + www.autodesk.com/products/inventor
3dm, igs, ipt, nx, obj, prt, rvt, sldprt, 

stl, stp, x_b, xgl

8 Autodesk Tinkercad Javascript Non Mesh Solid No Free Beginner https://www.tinkercad.com/ 123dx, 3ds, c4d, mb, obj, svg, stl

9 Pixologic Zbruch ZScript Non Mesh Surface No 400 €/720 € Professional http://pixologic.com/ dxf, goz, ma, obj, stl, vrml, x3d

10

MAXON 

Computer 

GmbH

Cinema 4D C.O.F.F.E.E., Python Parametric Mesh/NURBS Surface No
281 € 

Educational
Intermediate https://www.maxon.net/en/

3ds, dxf, dwg, fbx, iges, lws, skp, stl, 

vrml2, obj

11 Autodesk 123D Design NOT SUPPORTED Non Mesh Solid No Free Beginner http://www.123dapp.com/design 123x, step, stl, x3d, vrml

12 Marius Kintel OpenSCAD OpenSCAD /c++(Qt) Parametric Mesh Solid Yes Free Intermediate http://www.openscad.org dxf, off, stl

13 McNeel Rhinoceros 3D Rhinoscript, Python Non NURBS Surface No

495 € 

Educational, 

16,95 €

Professional https://www.rhino3d.com

3dm, 3ds, cd, dae, dgn, dwg, emf, fbx, 

gf, gdf, gts, igs, kmz, lwo, rws, obj, off, 

ply, pm, sat, scn, skp, slc, sldprt, stp, 

stl, x3dv, xaml, vda, vrml, x_t, x, xgl, 

zpr

14 The Foundry Modo  Python, C++, PERL Parametric Mesh Solid No 1,459 € Intermediate
https://www.thefoundry.co.uk/produc

ts/modo/

lwo, obj, abc, 3dm, dae, fbx, 3ds, dxf, 

x3d, geo,eps, plt

15 Autodesk Fusion 360 Python Parametric NURBS Solid No 500/free Professional +
www.autodesk.com/products/fusion-

360

catpart, dwg, dxf, f3d, igs, obj, pdf, 

sat, sldprt, stp
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Figure 10. Review of CAD software (part 2) 

` Developer Software Scripting languages Parametric Mesh/NURBS Surface/Solid Open Source Price Level Official Web Link File compatibility

16 Autodesk Meshmixer Python Non Mesh Solid No Free Intermediate www.meshmixer.com/ amf, mix, obj, off, stl

17 NewTek Lightwave Python, Lscript, C Parametric Mesh Solid No 1,495 € Professional https://www.lightwave3d.com/
lw, lwlo, lwo, lwob, lws, lwz, mdd, 

mot, nmf, pst, rig, srf, vsa

18 Pixologic Sculptris ZScript Non Mesh Surface No Free Intermediate pixologic.com/sculptris/ obj, goz

19 McNeel Grasshopper Python, vb, C# Parametric Mesh/NURBS Surface/Solid No Free Professional www.grasshopper3d.com gh + all rhino formats

20

FreeCAD 

project/Juerge

n Riegel

FreeCAD Python Parametric Mesh Solid Yes Free Beginner www.freecadweb.org iges, step, BRep,obj, dxf, svg, ued

21
  Triple Squid 

Software 
MOI3D Mol Non Mesh/NURBS Surface/Solid No $295 USD Itermediate http://moi3d.com/

3ds, 3dm, dxf, fbx, igs, lwo, obj, skp, 

stl, stp and sat

22 LAGOA 3D tin Python Non Mesh Solid No Free Beginner www.3dtin.com/ stl, obj, dae

23

Björn 

Gustavsson, 

Dan 

Gudmundsson

Wings 3D Erlang Non Mesh Solid Yes Free Beginner http://www.wings3d.com/ 3ds, fbx, lwo, obj, stl, wrl, dae

24 Timothy Shead K-3D C++, Python Parametric NURBS Surface No Free Professional www.k-3d.org k3d

25
Army Research 

Laboratory
BRL-CAD C, C++ Parametric Mesh/NURBS Solid Yes Free Professional https://brlcad.org

acad, dxf, iges, euclid, jack, stl, 

tawkill, vrml, wavefront, x3d

26 Stephane Ginier SculptGL JavaScript Non Mesh Surface No Free Beginner http://stephaneginier.com/sculptgl/ obj, ply, sgl, stl

27
Bentley 

Systems
Microstation Vba Parametric Mesh Solid No 5,000 € Professional https://www.bentley.com dwg, dxf, xmt, sat, step, iges

28
Dassault 

Systemes
CATIA Vb Parametric Mesh Solid No 7,180 € Professional + www.3ds.com/products-services/catia 3dxml, catpart, igs, pdf, stp, stl, vrml

29 PTC PTC Creo Parametric vb Parametric NURBS Solid No 2,000 € Professional www.ptc.com/cad/creo/parametric step, iges, dxf, stl, vrml, dwg,  dxf

30
Dassault 

Systemes
3D Slash Metal Non Mesh Solid No Free Beginner www.3dslash.net edslash, obj, stl
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Chapter 4: 3D Printer Software, 3D printers and 

specifications 

4.1 3D Printer Software Introduction 

The 3D printer software is the connection between the CAD software and the 3D printing process. 
Every time you finish a 3D model in a CAD program you have to import it in a 3D printer software, 
to prepare it for 3D printing. The 3D printer software process is not as difficult as the CAD one, but 
it is very important, especially when, the printed model will be used for a specific application.  

The “.STL” (STereoLithography) file format is the most commonly used format for 3D printing. 
STL has several after-the-fact acronyms such as "Standard Triangle Language" and "Standard 
Tessellation Language". There is a variety of different file formats you can use for 3D printer 
software, although STL is the best option, because every CAD or 3D printer software can use it. 

There is a variety of 3D printer software products. Some of them can work only with specific 3D 
printers, while other are open to many 3D printers. The best option for educational usage is the choice 
of a 3D printer software open to 3D printers. Furthermore, some of them are special for beginner 
users with less parameters and specifications, but some others need a professional user with a lot of 
experience.  Depending on the 3D printer we are working with, and our experience level, we choose 
the proper software.  

Every 3D printer software has different interface and parameters, but more or less the important ones 
are common to all the 3D printer software products. The most commonly appeared settings are about 
the model. We need to prepare the model the way we want, before continuing to the printing process. 
Some of these options are the orientation of the model, the scaling rate, the rotation and the multiply 
(when we can print many models at once). Without configuring these parameters we cannot progress 
to the printing parameters.  

After the user prepares the model at the build platform, he is able to change a variety of settings. 
These are about the way the printer will build the 3D model.  The first steps are the material’s 
selection, the layer thickness of the process, the infill density, the support option, and the dual 
extrusion (when we have this option). The beginner users are able to understand these parameters. 
After some 3D prints, the user will have the required experience to go forward to the next, more 
advanced, parameters such as the printing temperatures, the speed levels and the cooling system 
configuration. 

4.2 3D printing technologies 

In the paragraphs to follow, the main 3D printing techniques are briefly described. 

Stereolithography: It is the first commercialized Additive Manufacturing technology using laser 
technology to achieve the photo-polymerization of liquid resin which becomes consistent when 
exposed to the laser (UV light) in order to create plastic objects (Figure 2). After each layer is 
completed the platform lowers itself by one layer usually allowing the blade to replenish the liquid 
resin on the surface of the object. This technology is still used for Rapid Prototyping to create 
functional or conceptual polymeric products and for indirect Rapid Tooling to create master patterns 
for molding and casting processes. Generally, the layer thickness achieved depends on the model of 
the machine and ranges between 0.05 mm and 0.15 mm with a roughness of approximately 35-40 
μm RA. The main advantages of Stereolithography are the possible achievement of temperature 
resistance and the creation of complex structures with very thin walls. The main limitation of 
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Stereolithography is the needed support structure to fabricate objects which consumes additional 
material and extends production time. 

 

Source: http://www.custompartnet.com 

Figure 11. Stereolithography process 

Fused Deposition Modeling: Similarly to Stereolithography, Fused Deposition Modeling is one of 
the most widely used processes in order to fabricate functional polymer prototypes (Rapid 
Prototyping). However, polymeric material with equal properties compared to other thermoplastic 
materials is stored in solid state on a plastic thread spool until it reaches the liquefier positioned 
before the extrusion nozzle. Then, it is deposited through the nozzle in liquid form due to 
temperatures above melting point creating the new layer reaching again solid state by natural cooling 
(Figure 3). Another thread spool serves to provide material (most times wax) in order to create 
support structures whenever needed. Further developments in the last years increased building speed 
up to 500% by facilitating a new patented high speed motion control system with two separate axes 
moving independently- one for the building material and one for the support structure. Most common 
materials used are polycarbonates (PC) and ABS, providing advantages such as fast printing of low 
cost parts, use of water dissolve support structures and coating capability to improve quality, whereas 
major disadvantages of this process are poor surface quality, grainy color and dimensional precision 
lacking significantly compared to modern additive technologies. 



MAKEITREAL Project Erasmus+ KA2 2016-1-PL01-KA201-026492 

28 

 

Source: http://www.custompartnet.com 

Figure 12. FDM process 

Ink Jet Printing:  It is another popular process used for Rapid Prototyping mostly, based on the two-
dimensional printer technology storing liquid thermoplastic build and support material in headed 
reservoirs (Figure 4). The materials flow towards the inkjet head in which piezoelectric nozzles 
deposit droplets on demand to create layers down to 19 μm. Although, Ink Jet Printing offers 
accuracy and surface quality the slow build speed, the few material options and the fragile finished 
parts makes this technology almost solely suitable for prototyping and investment casting. 

 

Source: http://www.custompartnet.com 

Figure 13. Ink Jet Printing process 

Three-Dimensional Printing: The Massachusetts Institute of Technology originally developed this 
technology and licensed it to six companies for commercialization purposes. Like Ink Jet Printing, a 
multi nozzle inkjet printing head deposits on demand, a liquid adhesive that binds immediately with 



MAKEITREAL Project Erasmus+ KA2 2016-1-PL01-KA201-026492 

29 

the metallic or ceramic powder positioned in the powder bed (Figure 5). Afterwards, the powder feed 
piston elevates itself in order for the leveling roller to create the next layer, repeating this procedure 
until the object is finished and ready for after production processes such as supporting powder 
removal and sealant infiltration for additional strength and surface quality. 

 

Source: http://www.custompartnet.com 

Figure 14. Three-Dimensional Printing process 

Selective Laser Sintering: The Selective Laser Sintering manufacturing process shows similarities 
between Three-Dimensional Printing and Stereolithography. In difference to the aforementioned 
technologies, in Selective Laser Sintering a laser is sintering the object successive layer by layer 
instead of an inkjet head. Moreover, no support structure is needed due to the powder bed respectively 
(Figure 6). The greatest advantage of Selective Laser Sintering is the ability to sinter a wide range of 
materials (polymers, metals, ceramics, foundry sand and others) which can be used for Rapid 
Manufacturing, Rapid Tooling and Rapid Prototyping. Polymers are still the most commonly used 
material, like polyamide which reaches mechanical properties equal to components manufactured by 
compression molding and it shows even better properties in the case that it is glass bead reinforced. 

 

Source: http://www.custompartnet.com 

Figure 15. Selective Laser Sintering process 
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Selective Laser Melting: The Selective Laser Melting process is quite similar to Selective Laser 
Sintering (Figure 7). The main difference between the two technologies is that in Selective Laser 
Melting the high-power laser beam is capable of fully melting almost any powder material (metal, 
alloys, ceramics and polymers) without the use of binding polymer material and the necessary post 
treatment (bronze infiltration). This ensures higher resolution and almost full density compared to 
70% in Selective Laser Sintering. However, sometimes support structures are needed, especially 
when complex geometries are fabricated which require more overall material and post processing. 
Materials such as stainless steel, alloy steel, tool steel, aluminum, bronze, cobalt and titanium can be 
used in the Selective Laser Melting process. The variety of materials makes this process suitable for 
a wide range of industries such as tooling, medical implants and aerospace for high heat resistant 
parts. 

 

Source: http://www.custompartnet.com 

Figure 16. Selective Laser Melting process 

Electron Beam Melting: It is applied for prototyping complex geometry objects or for 
manufacturing end-use injection molds or die casts. It is also appropriate for Rapid Manufacturing 
where high strength and temperature resistance is sought with excellent mechanic properties and 
faster production speed, up to five times compared to other processes. As shown in Figure 8, Electron 
Beam Melting process includes a filament made of tungsten which emits electrons (electron gun) 
accelerated to half the speed of light through the anode, creating a high energy beam up to 3000 W 
and over 2500 °C which melts due to kinetic energy titanium or cobalt chromium metal powder 
precisely due to electromagnetic focusing coils. The greatest advantage of this process is the vacuum 
chamber which facilitates an optimal fabrication environment for oxygen reactive materials used for 
medical implants, such as orthopedic implants in order to achieve effective osseointegration or in 
aerospace appliances in which material impurities due to oxygen are strictly prohibited for safety 
reasons. Other advantages that the technology offers are energy efficiency around seven kW of 
average power and the overall component quality achieved which is comparable to wrought titanium 
and better than cast titanium. 
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Source: www.physicsnobelprize.net 

Figure 17. Electron Beam Melting process 

Direct Metal Deposition: It is one of the most advanced Additive Manufacturing technologies which 
gain more and more popularity in the manufacturing industry due to its ability to produce fully dense 
metal components with complex geometries, in a compared to other processes short amount of time 
with excellent dimensional accuracy. The technology and process were developed and 
commercialized jointly between the POM Group and the University of Michigan. Direct Metal 
Deposition is facilitated by a robotic control (arm) equipped with a powerful CO2 laser which is 
responsible for the coordination of the additive process by producing a melt pool from a small amount 
of metal powder injecting it through the nozzle in order to build thin successive layers (Figure 9). 
This process distinguishes itself compared to others as it can be applied through the whole range of 
Additive Manufacturing and furthermore, is able to repair and rebuild worn and damaged 
components or apply wear and corrosion resistant coatings. Today, DMD is applied to repair worn 
molds and dies, to remanufacture and repair high-value, long lead time parts in the aerospace and 
defense industry, to rapidly produce highly functional metal prototypes and finally, to bypass time 
consuming welding for hard facing components. 

 

Source: http://www.custompartnet.com 

Figure 18. Direct Metal Deposition process 
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Laminated Object Manufacturing:  The Laminated Object Manufacturing process relies on a feed 
mechanism that supplies material in form of sheets over the platform where a heated roller bonds the 
sheet on top of the previous one (Figure 11). Then, the outline of the new layer is cut either through 
a laser, a knife or a hotwire, keeping the rest of the layer as support structure proceeding to the next 
layer by lowering the platform by one layer of material thickness. Layers can be joined with several 
methods, such as diffusion welding to fabricate forming and injection tools, soldering to manufacture 
injection molds, pressure dies and casting tools, laser beam welding for metal sheets, forming tools 
and core boxes, bonding by adhesives for non-metals and forming tools and lastly mechanical joining 
with screws and anchors. Scientific progress facilitates the fabrication of a wide range of materials 
like paper, polymers, composites, ceramics and metals with fast production times. However, 
Laminated Object Manufacturing is only used for Rapid Prototyping and Rapid Tooling considering 
the lack of dimensional accuracy, especially in the z-axis compared to other processes. 

 

Source: http://www.custompartnet.com 

Figure 19. LOM process 

4.3 FDM/FFF extrusion compared to SLA technology 

4.3.1 Materials and colours 

FDM technology builds professional-quality models, prototypes and parts in a range of production-
grade thermoplastics. It is easy to use, reliable, clean and office friendly. FDM printers typically use 
PLA or ABS filament, some can even handle nylon and a variety of PLA blends (mixed with wood, 
ceramics, metals, carbon fiber, etc.). Filaments are available in various colors. Most FDM printers 
can use standard filament rolls that are available in two standardized sizes (diameter: 1.75 or 
2.85mm) from various sources. 

Owners of SLA printers have only a limited choice since the resins are proprietary and cannot be 
exchanged between printers from different makers. The choice of colors is definitely limited. Some 
printers for instance only offer black, white, grey and clear resins. Customers depend on the supply 
provided by the manufacturer. 

4.3.2 Precision and smoothness 

In FDM printers, resolution is a factor of the nozzle size and the precision of the extruder movements 
(X/Y axis). The precision and smoothness of the printed models is also influenced by other factors: 
As the bonding force between the layers is lower than in SLA printing and as the weight of upper 
layers may squeeze the layers below, a number of printing problems may ensue (e.g. warping, 
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misalignment of layers, shifting of layers, shrinking of the lower parts. These compromise the 
precision and surface smoothness. 

SLA printers consistently produce higher resolution objects and are more accurate than FDM 
printers. The reason: The resolution is primarily determined by the optical spot size either of the laser 
or the projector – and that is really small. Moreover, during printing less force is applied to the model. 
This way, the surface finish is much smoother. SLA prints show details a FDM printer could never 
produce. In fact, the fine details an SLA printer produces is the main reason why one would consider 
getting a SLA printer. 

4.3.3 Adhesion/removal after 3D printing 

Adhesion to the print bed is normally no problem when using an FDM printer. Printed objects can 
be easily removed – if the object sticks to the print bed, a palette knife will do.  

In SLA printers, it can be difficult to remove the printed model from the print platform and often 
there is a lot of resin left on the platform that you have to remove using a palette knife and this takes 
more effort than on a FDM printer. 

4.3.4 Post-processing required 

After printing on an FDM printer you need to remove supports (if the model has overhangs) and 
excess plastic either with your fingers or a cutting tool. Sanding helps to get smoother surfaces.  

Models printed on an SLA printer are covered in sticky resin that has to be removed in a bath of 
isopropyl alcohol. This is why you get rubber gloves with to protect your fingers from the resin and 
alcohol. Depending on the model, supports may be required too, while removing them is as easy as 
with FDM printers. 

4.3.5 3D printing expenses 

The only consumable in FDM printers are filament rolls. As already mentioned, most FDM printers 
use the same standardized filament rolls, prices for filament have been declining in the last years. 
Quantity of 1 kg of simple filament can be bought for $25, while specialized filaments cost more. 

In SLA printers, not only resin is consumed. In SLA printers the resin tank has to be replaced after 
2-3 liters of resin have been printed. The reason is that the tank gets smudged inside over time so the 
light source is no longer able to precisely project the image in the resin. One resin tank costs around 
$59. Another component that needs replacing from time to time is the build platform as it gets marred 
when the user removes the printed model; one platform sells for $99 (it cannot be known how often 
you need to replace the build platform). The resin is also costly, 1 liter of standard resin costs $149. 
Some users say that 1 liter of resin corresponds to 1 kg of FDM filament. 

4.3.6 Decision criteria between FDM and SLA technol ogies 

Benefits of using FDM 3D printers 

• Rapid prototyping 
• Low-cost models 
• For experimenting 
• When precision and surface finish are not crucial 

Benefits of using SLA 3D printers 

• When intricate details and/or a very smooth surface finish is crucial 
• When strength and durability of the model is not crucial (models made from resin may 

suffer when exposed to the sun for extended periods) 
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• For creating molds for casting to facilitate mass-production (e.g. by jewelry or toy 
makers) 

4.4 Criteria for the selection of FDM 3D printers 

4.4.1 Open Source (Software and Hardware) 

Open source by its very nature means many aspects of the technology are made available freely to 
the community. 3D printers that are open source tend to have a stronger community network and 
support. Not only is the printer technology and software open source, but also open source printers 
typically use open spool filament, rather than cartridges. This approach lends the 3D printer to be 
more open to experimenting with new settings, upgrades and materials. It’s a good choice for you if 
you like to experiment and need flexibility to use a wide range of materials. 

 Closed source is where the manufacturer develops software, technology and materials specifically 
designed to that printer and it cannot be tweaked or modified. This is fantastic for those new to 3D 
printing, or those who just want to focus on the printing. The manufacturer invests a huge proportion 
of funding and development into creating excellent software and materials that are fine-tuned, so you 
can be assured of the consistent quality output you will receive. 

Both open and closed source printers should have regular software updates and enhancements. 

 

4.4.2 Printing Materials for FDM 

ABS (Acrylonitrile Butadiene Styrene): 

ABS is used in a very large variety of applications in the industry nowadays. Examples include, 
among many others, the manufacturing of pipes (like drain, waste or vent pipes), automotive 
components, electronic assemblies, protective headgear (ABS has good shock absorbing properties), 
kitchen appliances, music instruments, protective carrying cases and toys, among which the most 
notable are the famous Lego bricks. 

ABS is generally very durable and strong, slightly flexible and quite resistant to heat. 3D printers 
able to process ABS plastics normally operate with a hot end (the heated part melting the plastic, 
before it’s forced through the print nozzle) at a temperature around 210-250°C. Therefore, a 3D 
printer able to process ABS is necessarily equipped with a heated print bed, in order to prevent 
warping or cracking of the printed materials. 

When it comes to cost, ABS is the cheapest plastic of the three filament types analyzed and until 
recently was the favorite material of the 3D printing community. The material is suitable for a very 
large variety of purposes, especially as it can easily be sanded (to smooth the printed objects and 
remove jagged edges) and painted. Printed or broken parts can simply be glued together with ABS 
glue and it is easily soluble in acetone (i.e. nail polish remover). ABS is generally available in white, 
black, red, blue yellow and green colors or transparent and has a matte appearance. 

But ABS also has some drawbacks. First of all, it is a petroleum-based non-biodegradable 
plastic that can be recycled though. Another problem is that ABS does create (mild) fumes which 
may irritate more sensitive persons – an installation of the printer in a well-ventilated area or even a 
specific fume hood may be necessary. More recently, 3D printers with integrated HEPA filters have 
been hitting the market. ABS can also deteriorate by prolonged exposure to sunlight. 
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PLA (Polylactic Acid): 

PLA is a biodegradable thermoplastic which is derived from renewable resources, such as cornstarch, 
sugar cane, tapioca roots or even potato starch. This makes of PLA the most environmentally friendly 
solution in the domain of 3D printing, compared to all the other petrochemical-based plastics like 
ABS or PVA. PLA is used for example in medical suturing as well as surgical implants, as it 
possesses the ability to degrade into inoffensive lactic acid in the body. Surgically implanted screws, 
pins, rods or mesh simply break down in the body within 6 months to 2 years. 

However, PLA is also used in food packaging, bags, disposable tableware, upholstery, disposable 
garments, hygiene products and even diapers. PLA is therefore considered as pretty safe. For those 
wanting to print PLA drinking cups or other recipients destined for food or drink, a word of caution 
though: do not forget that the coloring pigments in the filament may not be as harmless as the PLA 
itself. Unfortunately, the notice of use nearly never documents the chemical composition of those 
pigments in order to inform about their harmlessness or potential toxicity. 

PLA has become a very popular choice in the 3D printing community, considering its low toxicity 
and its better environmental friendliness, compared to all the petroleum-based plastics. Its main 
drawbacks are that it cannot stand too much heat, as standard PLA becomes soft around 50°C (i.e. 
you can re-heat your printed object with a hot air gun, for example). On the other hand, one may 
consider this an advantage in order to easily repair, bend or weld printed parts. 

But PLA is generally considered to be the easiest material to work with, when you first start 
printing. It has been becoming more and more readily available and probably will overtake ABS as 
the preferred material choice. PLA is available in most colors and may be translucent or solid. Most 
notable colors are the translucent (a.k.a. transparent) one, as well as the “glow in the dark” PLA. Soft 
PLA is also available – this very interesting variant permits the printing of flexible materials, but is 
more complicated to use. Sourcing soft PLA may also prove difficult. 

PVA (Polyvinyl Alcohol): 

PVA is a special plastic that is water-soluble. It is most commonly used as paper adhesive, as 
thickener, as packaging film, in feminine hygiene and adult incontinence products, as mold release 
agent or in children’s play putty or slime. Another wide use is in freshwater sport fishing, where 
PVA bags filled with bait are thrown into the water. The bag rapidly dissolves, releasing the bait, in 
order to attract the fish. 

In 3D printing, PVA is sometimes used in printers with dual or multiple-extruders, in order to provide 
a support structure to an object with overhang issues. Some complex prints involving many 
overhangs (areas where there is no support under the upper layers) can be realized only by printing 
such a support structure. Otherwise, the printed structure would warp or simply collapse. The finished 
object can be put into water until the PVA has completely dissolved, freeing the object of the support 
structure, without the need of any pesky manual post-printing curing. 

PVA is normally extruded a temperature of 190°C, but is not very easy to use, as it attracts water so 
much. Ambient air moisture will deteriorate the filament very quickly. PVA needs to be stored in a 
sealed box or container together with a desiccant and may need to be dried before use. Another 
disadvantage of PVA include its high price and quite difficult sourcing. 

 

4.4.3 Enclosed Chamber 

The reason to enclose a 3D printer are many: Contain any fumes, lower the noise it 
produces, and reduce the temperature fluctuations around the part being printed. An enclosed 
chamber can help to reduce warping as it maintains a more stable temperature throughout the printing 
process. If the chamber is controlled, this has the biggest effect, as the internal temperature is constant 
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and provides a consistent environment. Enclosed chambers also help to increase safety as it helps to 
prevent hands from creeping inside the printer whilst in action, ideal for educational establishments. 
In general, the benefits of 3D printer enclosure are outlined below:  

• It helps to keep the temperature of the whole print at controlled levels, if you use a heating 
element, thermocouple and PID regulator. This is one of the most direct uses of the 
enclosure, which can be achieved by almost no other means. Controlling the temperature 
can be beneficial for layer adhesion and can help against delamination problems. 

• It keeps dangerous fumes controlled. You can embed a filter with a fan in your housing 
to filter the air from all dangerous fumes that are created when melting certain plastic 
types. It could just circulate the air inside the chamber or get the filtered air out of the 
housing.  

• It can keep humidity away from your printer. This is helpful for filaments that attract 
water. This should be realized separately for stored filament, too, adding some silica gel 
to regulate humidity.  

• It minimizes losses of your heat bed. The heated bed will also heat the surroundings that 
is the inside of the enclosure. By raising its temperature, the temperature difference and 
hence heat loss is minimized. Also wind, introducing high fluctuations in the transferred 
(i.e. lost) heat is minimized. In that sense, it also shuts out any wind for print temperature 
stability. Also dust and particles that could be blown on the print will be shut out. Last 
but not least, it helps to keep the printer clean in between use and the axes will be free 
from dust. 

• It reduces smell and noise. 

4.4.4 Quality of 3D prints: Heated Bed and Print Ad hesion 

In order to achieve high quality 3D prints you have meet the following prerequisites: 

• Your printer works and can print with satisfactory results 
• There are no major quality issues with your prints in terms of over/under-extrusion, top-

fill, etc 
• Both the printer and print bed are properly leveled 
• Quality filament is used 

A properly leveled bed is mandatory for good quality prints. In addition to the leveled bed, the 
method of increasing surface stickiness is important as well. Some printers come with a fairly flat 
glass bed that is attached to the heated plate through metal magnetic clips on the corners. This allows 
the glass bed to be easily removed for cleaning and also allows for easy part removal. 

 

4.4.5 Dual Extruder 

The benefits of having two (or more) extruders will in fact speed up the overall printing process, but 
not because they print faster, just due to the fact they print continuously. Having multiple extruders 
allows you to have multiple filaments ‘piped in’ and ready to be used whenever the object being 
printed requires them, and this is where the time saving comes from. Having different filaments 
‘ready to go’ means you no longer have to pause a print, empty out the extruder of the previous 
filament, feed in the next filament, and resume the print every time you need a different material. 
The printer will simply call on which filament it needs, when it needs it. 

Currently, the most common use for multiple extruders is to separate the material used for printing 
your object from filament used to print any required support material. This enables you to use a 
separate lower grade filament for your supports (which will ultimately be discarded) and save your 
best stuff for the final object. In some cases, a special degradable or soluble filament can be used for 
easier removal once your print is complete. Again, this can speed up the overall printing process and 
reduce the inconvenient and time consuming chore of removing the support material. 
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Having multiple filaments ready to go means your printer can quickly switch to different colors, 
adding even the smallest amount before switching again. This enables prints with far more 
complexity in the color variation to be completed without needing to stop a print and physically 
change the filament every time you need a different color. 

Whether or not you choose to buy a multiple extruder printer really depends on the complexity of 
what you intend to print. If what you’re printing is really simple, a single extruder may be just enough 
for your needs. Likewise, if you require highly detailed color prints and still plan to paint or finish 
your object in some other way to add color after it’s printed, you still might benefit from the use of 
separate support material. For those types of prints, we would recommend a dual extruder 3D printer. 
And for those of you wanting to have multi-colored prints without the need for photo real gradients 
and color variation, multiple extruders will be a perfect ‘out of the box’ solution for you. 

 

4.4.6 Resolution (Layer Thickness) 

A micron is equal to one millionth of a meter. It is normally used to refer to the layer height, also 
known as print resolution or Z height. So 100 microns is equal to 0.1mm. The lower the micron, the 
better the resolution. 

 But Z height (resolution) is not the only thing that matters to get good prints. Printing at 20 microns 
(0.02mm) will take a lot longer to achieve and the visual difference between 20 and 60 will be limited, 
as we are talking about 0.04 of a millimeter.  It is more important to have a good balance of x (width), 
y (height) and z (layer height) accuracy to produce good quality parts. The material and settings also 
have a big impact on the quality of your prints. 

Layer thickness options range from 0.127mm (0.005 inches) to 0.508 mm (0.02 inches) and vary by 
material and 3D printer. Your ideal layer thickness will depend on your part and application. For 
example, thick layers are ideal for building large manufacturing and parts quickly when surface finish 
isn't a priority.  

 

4.4.7 Build Volume and Speed 

The size of the printing volume depends on the chosen material which in turns determinates the type 
of printer used. The maximum size also depends on the chosen finishing process (e.g. coloring, 
polishing). There are printers of many different sizes, big and small. 

One of the most frequently posed questions is how long the 3D printing lasts. This is mainly 
determined by the size of the object, and to a smaller extend the fill volume. Another important factor 
is the positioning of the object in the printing batch. Due to the layered printing process, the time to 
print 1cm height is much greater than printing the same size in width and depth. Therefore, in order 
to speed up the printing process it is important to position the object optimally in the printer. 
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4.5 Tables of the proposed FDM 3D printers 

 

With over 1,000 different 3D printer models available on the market today, it is difficult to answer which 3D Printer should someone buy. We 
investigated the following parameters to help measure the user experience of a range of 3D printers: educational level, print quality and reliability, 
ease of use, environmental friendly materials, open software and hardware, and value. 

Considering these specifications, a number of 3D printers has been presented in the following Tables. Table 1 contains 3D printers which are 
manufactured in Europe, while Table 2 is for non-Europeans: 

 

Figure 20. Best 3D Printers for Beginners (European). 
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Figure 21. Best 3D Printers for Beginners (Non-European). 
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Chapter 5: CAD exercises and examples 

5.1 Selection of CAD exercises for MAKE it REAL educational 

project 

The proposed exercises in CAD software were selected based on two main criteria. On one hand the 
exercises aim to cover a big portion of the available tools, on the other hand the focus is to create 3D 
printed objects that can be further used for educational purposes or for play. Therefore, only projects 
that fulfill both criteria were selected. 

A second aspect that was taken into consideration is the level of complexity of each exercise. Though 
the curriculum is conceived to address the needs of complete beginners, all the exercises proposed, 
are open ended and therefore an experienced CAD user can build upon the basic model, adding extra 
pockets, fillets, chamfers or engravings. As a result, with the proposed exercises, a teacher may adapt 
the level of difficulty according to the previous knowledge and experiences of the students. 

The audience of this technical reference guide is teachers, the aim is to support their learning of CAD 
software. Transferring the suggested exercises to the classroom requires a different pedagogical 
approach that would take into consideration the background of the students, and follow certain 
educational strategy that is applicable for their age-group. The proposed examples are designed to be 
practiced in a format of consecutive intensive seminars for teachers. 
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5.2 Basic exercises in CAD 

5.2.1 Creating and editing solids 

This first exercise is to familiarize participants with the User Interface of FreeCAD and with 
zooming, panning, selecting. The participants will learn how to make closed shapes and extrude them 
to create solids 

1) Open Part Design and Create Sketch 

 

Figure 22. Opening Part Design 

To start this Sketch, click on the new sketch icon on the tool bar or from the Part Design menu, New 
sketch. Once invoked, you should see a dialog that prompts you to choose sketch orientation and 
provide an offset. We will not be using offset, but for our base sketch we want to pick the XY plane 
as shown in the image below. Once the XY plane is selected click OK and we can start to construct 
the first sketch. 

 

Figure 23. Create New Sketch 
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2) Make a rectangle (optional, see how the lengths can be constraint to be equal and create a square) 

 

 

Figure 24. Create a rectangle 

3) Change the dimensions in the properties 

 

 

Figure 25. Change Dimensions 
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4) Close the sketch and extrude 

 

Figure 26. Pad (Extrude)  a sketch 

 

 

 

Figure 27. Pad Parameters 
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Figure 28. View Mode 

5) Repeat the process for circles to create cylinders. Create a new sketch and draw a circle 

 

 

Figure 29. Draw a circle 
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6) Exit the sketch and extrude to create a cylinder 

 

Figure 30. Cylinder’s creation 

7) Change the radius of the initial circle to observe how the cylinder changes 

 

 

 

Figure 31. Change Radius of a circle 



MAKEITREAL Project Erasmus+ KA2 2016-1-PL01-KA201-026492 

 

46 

 

Figure 32. Cylinder View 
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5.2.2 Creating a 2D Sketch with Constraints 

 

Next you will want to use the Polyline tool and make a shape roughly like that in the next 
image. It does not need to be perfect as the final shape is done with constraints. Once you have the 
basic shape, we will start applying the constraints. If you had Auto constraints on, some of these 
constraints will have been applied automatically, if not, do the following. 

 

Figure 34. Sketch with Polyline 

1) Select the start and end points of your polyline and click on the coincident constraint to close the 
polyline. 
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Figure 35. Coincident Constraint 

 

Figure 36. Close Shape 

2) Select the horizontal lines with your mouse by clicking on them, and once selected, click on 
thehorizontal constraint. Then, Select the vertical lines and then click on the vertical constraint: 
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Figure 37. Vertical and Horizontal Constraints 

3) Select the top horizontal linesand the left vertical lines and apply theequal constraint. 

 

 

Figure 38. Equal Constraint 
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Figure 39. Equal Horizontal Lines 

 

 

Figure 40. Equal Constraint to Vertical Lines 
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Figure 41. Equal Vertical Lines 

4) Select the horizontal and vertical lines and apply either a correspondinghorizontal andvertical 
distance constraint and give it a value of 60 mm. 

 

 

 

Figure 42. Change Dimensions 

 



MAKEITREAL Project Erasmus+ KA2 2016-1-PL01-KA201-026492 

 

52 

5) Select an edge of the sketch and the origin point (point 0) and use the coincident constraint. Now 
your sketch is fully constraint. 

 

 

 

 

Figure 43. Constraint with Origin Point 
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Figure 44. Fully Constraint Sketch 

Curved profile – Circles and Tangency constraint 

This is the first exercise, to understand sketches and constraints, mainly working on 2D plans 

1) Open Part Design and Create Sketch 

2) Draw 4 circles of random radius near each other 

 

 

 

Figure 45. Draw four circles 
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3) Select 2 of them and apply tangent constraint 

 

 

 

Figure 46. Tangent Constraint 

4) Repeat the process until all 4 circles are touching with each other 
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Figure 47. Touching Circles 

5) You may trill the circles with themselves if they are all touching, or create temporary shapes to 
trim with. 

 

Figure 48. Create a rectangle for trimming tool 
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Figure 49. Trim Circles 

 

6) The tangency can be adapted also afterwards, by selecting the end points and pressing tangency 
constraint 

 

Figure 50. Tangent Points 

 

Figure 51. Close the shape with tangent constraint 

 

7) Having obtained a first idea of shape construction and tangency, delete the previous, and create a 
new sketch of two circles a smaller and a bigger whose center lie on the vertical axis. This will create 
a symmetrical model which eventually will involve to become the profile of a traditional Russian 
doll. 
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Figure 52. Create a Russian doll 

 

 

 

Figure 53. Move the small circle on the vertical axis 
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Figure 54. Move the big circle on the vertical axis 
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Figure 55. Create a tangent constraint between the circles 

8) Add a circle on one side, impose tangency constraint. Select the circle and the symmetry axis and 
then mirror it. 

 

 

Figure 56. Mirror tool 

9) Trim out the spare parts 
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Figure 57. Draw a rectangle to use for trim 

 

Figure 58. Trim the circles and the rectangle 

10) You may trim the base with a horizontal line to make it stable 

 

Figure 59. Create a gap 
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Figure 60. Russian doll 

THIS IS A 2D EXERCISE. YOU MAY KEEP THE 2D CURVES FOR A FUTURE EXERCISE 
THAT WILL INTRODUCE THE REVOLVE TOOL 

  



MAKEITREAL Project Erasmus+ KA2 2016-1-PL01-KA201-026492 

 

62 

5.2.3 Creating, Subtracting and Combining with Prim itives – Fuse, Cut and Common 

This is the first 3D exercise, to understand the parametric properties of objects, change the properties 
and get introduced to solid modeling by adding and subtracting volumes 

1) Enter Part Workbench 

2) Select the tool to make a Cube. You can access the parameters and make it 10x10, or bigger 

 

 

Figure 61. Cube Primitive 

3) Check out the views wireframe and shaded options 

 

Figure 62. View Mode 
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4) Select the tool to make a Sphere. You may change its radius so that there is a considerable overlap 
with the cube 

 

 

Figure 63. Sphere Primitive 

 

5) Select the Sphere and the Cube with control and press Cut to subtract one from another 

 

 

Figure 64. Boolean Operations 
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6) Observe the result and press undo 

 

Figure 65. Cut Cube from Sphere 

7) Alter the order of selection first the Cube and then the Sphere and press Cut again 

 

Figure 66. Cut Sphere from Cube 

8) Notice the differences in the two results 
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9) You may similarly experiment with Fuse and Common 

 

 

Figure 67. Fuse the two primitives 

 

 

Figure 68. Common between the two primitives 
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10) Practice by making the 3D model of a piece of Emmental Cheese. 

 

Figure 69. Emmental Cheese exercise  

 

Additional exercises that implement the concepts of Fuse, Cut and Common may be presented in 
class. Examples include everyday objects and toys that can be created by combining geometric 
primitives: A toy tree (cone and cylinder), an ice-cream cone and scoops (inverted cone and spheres), 
a toy train (combination of cylinders and cubes).  
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5.2.4 Creating a 3D Model with Primitives andfrom a  2D Sketch 

3D Modelwith primitives 

1) Go to Part and insert a cylinder and a cube. Then move the cylinder to center of the cube. Make 
a cut of the two shapes  

 

Figure 70. Insert two primitives 

 

Figure 71. Move and Cut the primitives  
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3D model from a 2D sketch 

1) Go to Part design and sketch a square (10x10). Sketch a circle with 2mm radius.  

 

 

 

Figure 72. Draw a Square and a circle inside it 
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2) Insert a point randomly. Then define the dimensions of this point to exact 5mm vertically and 
horizontally respectively, in order to be in the center of the square.  

 

 

 

 

 

 

Figure 73. Give dimensions to the sketch 

 

3) Select the center of the circle the center point of the square and set them as coincident. Now your 
sketch is fully constraint. 
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Figure 74. Fully constraint sketch 

4) Pad or extrude your sketch with a 10mm height. 

 

 

Figure 75. Extrude the Square  
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5.2.5 Puzzle piece 

1) Sketch a rectangle and four circles on each side of the rectangle. Then use the trim tool to cut the 
inner lines in each circle. 

 

 

 

 

Figure 76. Create the Puzzle Piece Draft 
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2) Trim the semicircles as shown in the Figure below. 

 

 

Figure 77. Trim the circles 

3) Select the center of the left circle and Y axis and constrain them as coincident. Do the same for 
the circle in bottom of the puzzle piece and constrain it with X axis. 
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Figure 78. Give tangent constraint between each circle and each line 
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4) Define all the semicircles as equal and set the dimensions of the top semicircle with a radius of 
10mm. Then, select all the lines and use the equal constraint again. 

 

 

Figure 79. Equal constraint to circles and then to lines 
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5) Define one this lines’ dimensions at 25mm. Then, your puzzle piece sketch is fully constrained. 

 

Figure 80. Give a specific dimension 

6) Use pad or extrude tool to turn the puzzle piece sketch to a solid. 

 

Figure 81. Create the puzzle piece 

Additional exercises that can be practiced in class include the generation of closed shapes and 
extrusions. Students can practice with simple sketches and extrusion to make different objects such 
as a horseshoe, a Christmas tree, a leaf clover, an arrow, the moon, an anchor, some tetris components 
in different colours. Any closed outline that can be extruded may motivate a possible exercise. 
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5.2.6 3Dletters 

1) Click on Create Sketch to open a new window. Select the orientation to sketch on. 

2) Now choose the XY-Plane, uncheck reverse direction and zero the offset. In this window the cube 
on the right will show you the selected plane. The Reverse Direction option will switch to the 
opposite plane. With the option Offset you can change the height of the plane. Press OK to proceed. 

3) Select the sketch toolCreate a Rectangle. When you move your cursor over the coordinate system 
you can see the current coordinates right next to your cursor. Make your rectangle160.0 x -20.0 wide. 
FreeCAD automatically sets constrains to your sketch as you see in the Constrains window on the 
left. Click on Closeto exit the Sketch. 

4) Select theModeltab in the combo view and click onS. By pressingF2you can change the name of 
an entity. Change the name fromSketch to Base. 

5) Click on Base again, switch to the Tasks tab in the combo view and click on Pad. 

6) Set Length in the Pad Parameters window to 2mm and uncheck Symmetric to plane and Reversed. 
Press OK to create the pad. To see the entire object press 0 (zero) on your keyboard. The view 
changes to axometric. You can also change the views by right clicking on the drawing window and 
selecting standard views. 

7)Switch your Workbench to Draft and change your draft plane. To change the draft plane, click on 
Set/unset working plane and select XZ-Plane. 

 

 

 

Figure 82. Switch to Draft Workbench 
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8) Change your view to Front view. Then click the S icon to convert the string into a shape. Now set 
Local X in the shape string window to -80.0; set Local Y to 8.0 and Local Z to 2.0. These variables 
describe the position of the starting point. Press Enter to continue. 

 

 

Figure 83. Create a ShapeString 

9) Now type your text (name, signature, whatever) in the string box. Confirm by pressing Enter. 

 

Figure 84. Write your text 
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10) Set the height to 16.2mm and press enter to continue. Set Tracking to 0.00 and press enter. This 
will determine the path of the shape. 

 

 

Figure 85. Set the height of the letters 

11) You now have to select the full path of the font file. Click on the … box and select the font file 
on your desktop. When you switch to axometric view you will see the 2D shape of your text. 

 

Figure 86. Select your Font 
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12) To turn the 2D shape into a letters to 3D print, simply switch your workbench back to Part Design, 
select ShapeString in the Model section and click on Pad a selected sketch. Set the length of your 
pad to 16mm. 

 

Figure 87. Pad (Extrude) Parameters 

13) Now your 3D text in FreeCAD is ready to print. 

 

Figure 88. 3D Text ready to print 
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5.2.7 Ambigram 

This exercise will involve the creation of 3D letters in two different planes, and extracting their 
intersection with the tool Common, that we have already seen in previous exercises. 

1) Create two different letters (shape strings) on different planes, letter M on plane YZ and letter R 
on plane XZ. 

 

Figure 89. Create two letters on different planes 

2) Extrude the two shape strings to 3D letters 

 

Figure 90. Extrude the first letter 
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Figure 91. Extrude the second letter to two dimensions 
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3) Find the Common intersection of the shapes 

 

Figure 92. Common Intersection of the letters 

 

 

Figure 93. Ambigram is ready  



MAKEITREAL Project Erasmus+ KA2 2016-1-PL01-KA201-026492 

 

83 

5.2.8 Key holder with letters 

Participants will learn how to trace over a logo or any given shape to create extrusions or pockets.  

Batman 3D letters 

1) Open Part Design and sketch a rectangle. Use Fillet tool to convert the edges of the rectangle to 
arcs. 

 

 

 

Figure 94. Draw a rectangle and Fillet the corners 

2) Set the length of the arcs to be equal. 
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Figure 95. Make all the arcs equals  

3) Select the points of the bottom left arc and constrain them with the X and Y axes as coincident. 

 

Figure 96. Move your rectangle to origin point (0,0) 
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Figure 97. Do not add to many constraints 
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4) Set the dimensions of the horizontal and vertical lines as 100mm and 35mm respectively. Sketch 
a circle with a radius of 2mm at 17.5mm vertically and 5mm horizontally. Moreover, set the radius 
of ONE of the arcs at 8mm. Now your sketch is fully constraint. 

 

Figure 98. Give dimensions to fully constraint your sketch 

5) Go to Draft Workbench and then insert a Shape string on XY plane with a text you wish, as we 
described previously. Move the text as you wish.  

 

Figure 99. Enter your text for your key holder 
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6) Go to Part Workbench and extrude the 2D shapes. The Sketch at 3mm and the Shape String at 
4mm. 

 

 

Figure 100. Extrude first the Sketch and then the ShapeString 
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7) Select the two extrudes and use the Common tool to create a Fusion Your keyholder with letters 
on it is ready! 

 

Figure 101. Key holder ready to print 

Additional exercises may be practiced in class. This may include combinations of the above. Students 
can practice by typing their initials on a key holder plate and combine the outcome with their previous 
knowledge with Fuse, Cut, Common. The letters can be extracted therefore leaving a hole in the 
shape of a letter. You can practice combining sketches, extrusions and cuts to create a stensil with 
letters and shapes. 

  



MAKEITREAL Project Erasmus+ KA2 2016-1-PL01-KA201-026492 

 

89 

5.2.9 Splines 

Batman logo 

1) File New 

 

Figure 102. Open New File 

2) Save as BATMAN, so that you can later press SAVE after each step and you do not lose your file 
later. Select Image Workbench from the dropdown menu 

 

Figure 103. Switch to Image Workbench 
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3) Select “Create a planar image in the 3D space” 

 

Figure 104. Create a planar image 

 

4) Select the BATMAN image and press open 

 

Figure 105. Select your image 
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5) In the dialogue box select XY plane 

 

Figure 106. Select your plane 

6) Zoom out to see the image 

 

Figure 107. Imported image in the FreeCAD 

 

7) Click on the image plane on the left side menu to regulate its size 

X size = 200mm 

Y size = 120mm 
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8) Select the Workbench Draft and the grid will appear 

 

Figure 108. Switch to Draft Workbench 

9) Make sure the snap to grid is turned on and draw a line in the middle of the shape, to act as 
symmetry axis. You will notice that the line is not easily visible because it coincides with the 
image plane. You may move the image plane 10 units backwards in order to see the tracing lines. 
Select the image plane on the left side menu and click placement 

 

Figure 109. Draw a line as a symmetry axis 

10) Give the value -10mm to the Z axis and press OK 
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Figure 110. Give an offset to the Z axis 

 

11) We will start drafting with splines from the lower spike and moving upwards. Select the Multiple 
Point b-spline. 

 

Figure 111. Select B-Spline 

 

 

12) Click “Continue” and go to the lower endpoint of the line till the SNAP endpoint appears 
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Figure 112. Start drawing a spline 

 

13) Start clicking along the curve to create the first spline. When you reach the next spike press 
ESC. 

The default colour is black, if you wish to change colour for better visibility on top of the image, 
press the colour picker. Let’s make it magenta. 

 

Figure 113. Stop the spline 
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14) If you wish to modify your curve, Select it from the left side menu (it will become green) and 
press Edit the Active Object. 

 

Figure 114. Select your spline 

15) The Control Points will appear and also a menu to add or delete control points. 

 

Figure 115. Move your control points 
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16) You may move control points by dragging or add or delete, according to the geometry. 
Sometimes it is convenient to start out with two neighboring control points to ensure the 
tangency. Splines are tricky and fluency comes with practice. 

 

Figure 116. Add or remove control points 

17) Press Close when done. Continue to the next segment. DO NOT FORGET to click Continue 

 

Figure 117. Draw the next spline 
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18) Select the last spline and EDIT if applicable 

 

Figure 118. Edit each spline 

 

Figure 119. Create the half of the batman 
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19) Draw the last small straight segment and stop. Do not close the shape until the symmetry axis, 
this will be done after mirroring 

 

Figure 120. Draw the last line 

 

20) Select all the curves from the left side menu (they will become green) Click the mirror button 

 

Figure 121. Mirror all the splines  
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21) Click on the lower spike and along the vertical axis (make sure SNAP to grid is on, so that the 
mirrored lines are symmetrical) 

 

Figure 122. Use the lower point for the mirror 

 

22) You may now draw the final spline of the head to close the shape 

 

Figure 123. Close your shape 
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23) Open up the little dropdowns of the mirrored lines and select all curves except the initial 
symmetry axis, they will become green 

 

Figure 124. Select all the splines except the symmetry axis 

 

24) Go to the Part Workbench and select Fusion. A window with a warning will appear and you will 
press Yes 

 

Figure 125. Fuse all 

 

25) The fusion will appear on the left side menu. You can hide the image by selecting the image 
plane and pressing the Spacebar 
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Figure 126. Final Sketch for BATMAN 

 

26) Click the word Fusion and press the Extrude a Selected Sketch 

 

Figure 127. Extrude the sketch 
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27) In the extrusion dialogue box give 5mm along Z axis and click the Create Solid tick 

 

Figure 128. Extrusion Parameters 

 

28) Press OK. With Shift pressed and right click you can orbit around the object to observe the solid 

 

Figure 129. Extruded Batman 

 

29) If you do the extrusion without clicking the tick near the Create Solid option, you will only get 
the walls but not a closed solid object 
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Figure 130. Extrusion without Solid selection 

 

30) But you can always change this, if you click on the word Extrude and inside the properties pick 
true from the dropdown menu next to the word solid 

 

Figure 131. Convert the extrusion from Shell to Solid 
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31) A closed solid object is created, which means, you can now have access to other commands 
such as fillet edge. If you cannot create a closed solid, it means that the curves were not touching 
at their endpoints. Either you did not have the snaps activated, or you did not click continue. 
Click the word Extrude (the shape gets green) and press Fillet 

 

Figure 132. Solid Model 

 

32) A new menu will open up, indicating all the edges of the shape. If you wish to have soft edges 
all around, you will need to click them all, by clicking ALL and change the size to something 
small, ex. 1mm.  

 

Figure 133. Select all the edges 
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33) Press OK and a filleted object is created 

 

Figure 134. Fillet tool 

 

The closed shape is ready for 3D printing. 

Additional exercises include the tracing of similar logos and trademarks that may be inspiring for 
students. This could include the logo of the school or of a football team, symbols and shapes from 
movies, symbols related to hobbies, such as music notes and the “sol key”, the symbol of recycling, 
the outline of a country. Furthermore a closed sketch made from splines can be used to extrude or 
cut-out from a bigger shape. 
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5.2.10 Chess Piece 

The exercise will introduce a relatively simple chess piece, the Pawn. Possible variations may include 
more intricate pieces, like the Queen and King. Through this exercise students will learn the revolve 
tool and they will have the opportunity to delve into detailed 2D sketching, using curves, tangency 
constraints and fillets. The exercise can be adapted to different level of students, as the actual chess 
pieces offer the opportunity for formal experimentation and detailing. The steps to follow in this 
exercise are the following 

 

1) Open Part Design and start creating the following Sketch with two lines and an arc. 

 

 

 

Figure 135. Create a sketch for your chess piece 
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2) Give to chess pawn o total height of 30 mm. Adjust the shape of the pawn profile as you imagine 
it and give a lock constraint to the last point of your sketch 

 

 

Figure 136. Give dimensions to the chess pawn 

3) Continue sketching pawn profile with lines and arcs. After every line or arc you design, give a 
lock constraint to the last point of your sketch 
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Figure 137. Create the half of the chess pawn 

4) Close the sketch and revolve it with respect to horizontal sketch axis for 360o 

 

 

 

Figure 138. Revolve Tool 
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Additional exercises to be practice in class include all everyday objects that have axial symmetry and 
therefore can be designed by drawing an outline and revolving the profile curve. Ideal examples are 
the model of a flower vase, a bottle, a wine glass, an ice-cream bowl, a microphone, a lamp, a cactus, 
a candle, a spinning top toy. 

As the students build up on their previous knowledge, further combinations are possible, involving 
surfaces of revolution combined with other extrusions with Fusion, Cut and Common. Possible 
examples of this approach may be the modeling of a screwdriver or other tools, a table with rounded 
legs, an ancient Greek column, a series of columns with frieze and a triangular pediment (a simplified 
Parthenon façade model). 

5.2.11 Pencil holder 

Sketch two or three shapes and loft 

Give thickness with the Shell command 

1)Open Part Design select create a new sketch command and draw a hexagon. Then give upper line 
a horizontal constraint and a radius of 25 mm to the circle. 

 

 

 

 

 

Figure 139. Draw an hexagon 

2) Maketwo more copies of the sketch with copy and paste command (right click to the created 
sketch).  
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Figure 140. Make sketch copies 

3) Select Sketch001 and press the placement command. A window will open that allows you to move 
the sketch. Give the sketch a translation of 15 mm to x axis, 30 mm to z axis and 30o rotation angle 
around z axis. 

 

 

 

 

 

 

 

 

 

 

 

Figure 141. Change the planes of the two copies 
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4) Select Sketch004 and repeat step 3. This time give the sketch a translation of 30 mm to x axis, 60 
mm to z axis and 60o rotation angle around z axis. 

 

Figure 142. Rotate the two copies 

4) Go topart workbench interface. Select utility to loft command. Move the three sketches and add 
them to loft list. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 143. Loft Tool 
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4) Select the upper face from the created solid and use the utility to apply a thickness command. Give 
o total thickness of 2 mm to the pen holder. 

 

 

 

Figure 144. Pencil holder with Loft tool 

Additional exercises that implement the loft command may be practice in class. The loft command 
requires a sequence of curves (either closed or open curves, but not both in one loft). This may include 
parts of musical instruments such as a trumpet bell, a simple horse saddle, a concentrator nozzle from 
a hair dryer, a flower vase, a candy. 
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5.2.12 Mug 

1)Open Part Design select create a new sketch command and draw a circle. Givea radius of 30 mm 
to the circle. Name the sketch bottom. 

 

 

 

 

 

Figure 145. Draw a circle by using the origin point as the center 
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2) Makea new sketch with an offset of 100 mm. Draw a circle with 40 mm radius and name the 
sketch top. 

Figure 146. Make a second circle to a higher plane 

3) Go topart workbench interface. Select utility to loft command. Move the two sketches and add 
them to loft list. Select create solid option. 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 147. Select the two circles and create a loft 
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4) Select the upper face from the created solid and use the utility to apply a thickness command. Give 
a total thickness of 3 mm and a join type of intersection. 

 

 

Figure 148. Give a thickness  

5) Go back topart design workbench. With right click to thickness select toggle visibility. Make a 
new sketch at XZ-plane. Draw a slot with no specific dimensions at a height of 80 mm (make a line 
of 80 mm and give it a construction mode) from the bottom of the mug that it be the profile for the 
handle.Rename the scetch as profile. 
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Figure 149. Draw a slot 

6) Makea new sketch at YZ-plane. Draw two construction lines with 20 and 80 mm height from the 
bottom of the mug. Draw a path with two lines and an arc where the handle profile would be swept 
as shown below. 

Figure 150. Create a sketch in different plane (perpendicular to the slot) 
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7) Go topart workbench interface. Select utility to sweep command. Move the profile sketch to loft 
list, select create solid option and finally with Ctrl+left click select the path components (two lines 
and an arc). 

 

 

Figure 151. Select the two sketches and use the sweep command  

8) With right click to thickness select toggle visibility (as in step 5). 

 

Figure 152. Observe the two solid models 

8) Repeat step 3. Select Boolean command and make the difference between sweep and loft001. 
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Figure 153. Create a common intersection between the main body and the handle 

 
Additional exercises may include other recipients with handles such as kitchen pots and other 
kitchenware, as well as futuristic or artistic references, with reliefs, peculiar handles (wings, rings, 
etc). Other objects that implement Boolean operations would be an egg case, performing Boolean 
difference (first shape = rectangle, second shape = spheres). 
 

 

Figure 154. Batman Bat Wing Mug – Image source: http://www.ebay.com 
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5.2.13 Gear 

A gear is the typical mechanical part in engineering. This is a basic exercise that may be 
complemented by more advanced features in a subsequent phase. 

1) Open Part Design and create the following Sketch with polyline 

 

 

Figure 155. Create a polyline sketch 

 

2) Select opposite lines and apply vertical and horizontal constraints 
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Figure 156. Horizontal and vertical constraints between the lines 

3) Select opposite points and apply symmetry constraints with respect to y axis. 

 

 

 

Figure 157. Symmetric constraint between the points 
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4) Fix vertical and horizontal distances between two points or line ends and set length of lines 

 

 

Figure 158. Give dimensions to the sketch 

5) Close the sketch and revolve it with respect to horizontal sketch axis for 360o 
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Figure 159. Use the revolve tool to create a disc 

6) Select a surface of the disc and create a new sketch with a circle and a polyline 

 

 

Figure 160. Create a sketch at the top surface of the disc 

7) Trim the part of the circle inside the closed line.  
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Figure 161. Trim all the unnecessary lines 

8) Select opposite points and apply symmetry constraints with respect to z axis. 

 

 

Figure 162. Use the symmetry constraint to adjust the position of the new sketch 
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9) Create a tangent constraint between the arc and an attached to it line. 

 

 

 

Figure 163. Use Tangent constraint between the arc and the lines 

9)Fix vertical and horizontaldistances between two points or line ends, set length of lines and radius 
of the arc. 
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Figure 164. Give the final dimensions 

10)Close the sketch and create a pocket with it. 

 

 

 

Figure 165. Create a pocket from the sketch 
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11)Create a polar pattern. Select the Pocket feature and make a pattern with respect to normal sketch 
axes for 360o and 28 occurrences. 

 

 

Figure 166. Create a polar pattern by using the pocket 

12)Select a surface of the disc and create a new sketch with two arcs and two lines. 
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Figure 167. Create a new sketch at the top of the disk 

13) Select opposite points and apply symmetry constraints with respect to z axis. Create a tangent 
constraint between the arc and an attached to it line. 

 

 

 

Figure 168. Use some constraints 
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14) Fix vertical and horizontaldistances between two points or line ends, set length of lines and radius 
of the arc. 

 

Figure 169. Fully constraint  

15) Close the sketch and create a pocket with it. 
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Figure 170. Create a second pocket 

16) Close the Pocket001. Select the Pocket001 feature and make a pattern with respect to normal 
sketch axes for 360o and 5 occurrences. 

 

Figure 171. Use the polar pattern again, and your gear will be ready 
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5.3 Advanced topics 

Additional topics may include troubleshooting issues, such as how to edit an STL mesh in FreeCAD, 
how to fix wrong geometry, prepare import from other software, etc. Complementary to the above 
exercises, these topics might also be of use while modelling projects to be 3D printed.  

5.3.1 Export to STL for 3D printing 

In this tutorial we will cover how to export STL/OBJ-files from FreeCAD. Since the mesh-format 
STL/OBJ is dimensionless, FreeCAD will assume on export that the units used in the model are in 
mm. If this is not the case you have to scale your model. 

1. Open your project “Chess Piece”, you have already done previously. 
 

2. Switch to “Mesh Design” workbench. 

 

Figure 173. Switch to Mesh Design workbench 
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3. Go to “Edit” �“Preferences”.  

Figure 174. Go to Preferences 

 
4. Choose “Import-Export” � “Mesh Formats”. The “maximum mesh deviation” is the 

quality of the mesh conversion. Leave it as it is (default 0.1mm).  

Figure 175. Select Mesh Formats 
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5. Finally select the model you want to export and go to “File” � “Export”. Give a name 
to the file, and select the format “STL mesh (*.stl, *.ast). 
 

6. Your model is now ready for a 3D PRINTER SOFTWARE and 3D printing. 

 

5.3.2 Import and repairing STL files 

1. In order to import an STL go to “File” � “Import”. 
 

2. Find the STL file you have saved to the previous stepor download one from the internet. 
 

3. Switch to the “MeshDesign” Workbench. 
 

4. Select your object and from the top menu go to “Meshes” � “Analyse” � “Evaluate & 
Repair Mesh”  

Figure 176. Analyse Mesh 
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5. Check that the name is correct in “Mesh Information”. You can either analyse, one by one 
the tests, or all of them together by clicking “Analyse” in the last option “All above tests 
together”.  
 

6. If you detect any errors you can “Repair” them.  

Figure 177. Analysis tests 

 
7. “Close” the window and now your model is totally repaired. 

  

One by One 
Selection 

All tests 
together 
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8. You can also check if your model still has some holes. Select “Meshes” � “Fill Holes” or 
“Close Hole”. The first option is an auto hole filling and the second gives you the option to 
close the holes manually. 

Figure 178. Fill holes manually or automatically 
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5.3.3 Editing of an STL file – Conversion to Solid 

1. Import your STL file 
 

2. Select your model and check that is a mesh file, from the properties. 

Figure 179. Import STL File 
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3. Switch to the “Part” Workbench. 
 

4. Select “Part” from the top menu, and “Create shape from Mesh”. 

 

Figure 180. Create a Shape from mesh 

 
5. The next dialog is about the tolerance, and you should left it as it is. 

 

Figure 181. Creation’s Tolerance 
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6. A new file will appear in your “Applications”. Delete the mesh file (the old one). 

 

Figure 182. The two files (STL and Mesh) 

7. From “Part” � “Refine Shape” you will have fewer surfaces to your model, and it will be 
easier to edit. Keep only the new file. 

 

Figure 183. Refine the shape of your model 

  

New File 
Old File 
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8. Select the shape you have created and select “Advance Utility to Create Shape”. This will 

help you convert your shape to a solid. 

 

Figure 184. Advance Utility tool 

9.  “Create Shape” window will appear. Select the option “Solid from Shell”. Click somewhere 
on the part and “Create”.  

 

Figure 185. Create Shape parameters 

10. When the process will finish, press “Close” and delete the previous shape. 
 

11. You are now able to edit the Solid Part and change its shape using tools such as Extrude, 
Cut, Fillet, etc. 
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Chapter 6: 3D Printing software operation 

The 3D printing software has a lot of settings and features you can experiment with, but the settings 
given below are the most important for this educational purpose. Besides that, the rest of them have 
to do with professional usage, and they’re outside the educational purposes.  

Try to follow these settings step by step.  

For your better understanding of all these features, is better to change only one at time, so you can 
observe the changes at the affected result.  

6.1 3D printing software interface and Printer Preparation 

1) Open your Cura software 
 

2) At the main screen you have your object settings (left side), and your printing settings (right 
side). Finally at the bottom right of your screen, the program gives us the estimated time of 
the print, as well as the material it will use (in meters and in grams).  

 

 

 

 

 

 

 

 

 

 

 

Figure 186. 3D printing OSS interface 

  

Printing 
Settings 

Printing Details 
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3) Click to the arrow next to your printer’s name. 

Figure 187. Printer Selection 

4) You can now change the printer, you will work with, or select “Add Printer” to add another. 
If your printer is not available, you can create your “Custom FDM Printer”.  

 

 

 

 

Figure 188. Add Printer  

Ultimaker’s 3D Printers 

Other Default 3D Printers 

Create Custom FDM 

Set your Printer’s Name 
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5) If you choose to add your own printer, then the next dialog will appear. Try to complete all 
the settings by using the printer’s specifications given by the manufacturer. 

Figure 189. Custom printer settings 

• X,Y,Z :  The dimensions of the build platform 
• Machine Center: If you set your printer’s center to be at (0,0), check this box.   
• Build Plate Shape: The shape of the build platform.  
• Heated Bed:  If your printer has a heated bed you must check this box. 
• GCode Flavor:  Check the specifications of your printer, and choose the proper. 
• Printhead Settings: Settings about the accuracy of the printer (given by manufacturer).  
• Nozzle Size:  The diameter of the printer’s nozzle. 
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6) The next step is to click again on the arrow next to the printer’s name and go to “Manage 
Printers”, and click on “Settings”. Here you will find all the printing settings, which you can 
change each time you want. Select the most important for your case. You can also change, 
delete or add; printers, materials and profiles from their own preferences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 190. Manage settings 

  



MAKEITREAL Project Erasmus+ KA2 2016-1-PL01-KA201-026492 

 

143 

6.2 Object Settings 

6.2.1 Import 

After configuring your 3D printer’s settings, you must import your .STL file. 

Figure 191. Import File 

 

6.2.2 Move 

The first thing you have to do, is positioning your 3D model, either with the arrows or by typing the 
numbers. 

Figure 192. Move Object  

Numeric 
Movement 

Arrows Movement 
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6.2.3 Scale 

Here you have three options. The first one is using the arrows, and the second one is again by typing 
the numbers. The final option is a percentage scaling. Be careful! You must check the “Uniform 
Scaling” box, otherwise you will change only one of the three dimensions, and your object’s shape 
will be transformed.   

Figure 193. Scale Object 

6.2.4 Rotate 

You can rotate your object by X, Y or Z axis. If you click “Snap Rotation”, your object will rotate 
only by 15 degrees each time.  Use the three colored circles to rotate your model.  

 

 

 

 

 

 

 

 

 

 

Figure 194. Rotate Object  

Arrows Scaling 

Numeric & Percentage 
Scaling 

Rotation Circles 
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6.2.5 Mirror 

Use the six colored arrows to mirror your model. 

 

 

 

 

 

 

 

 

 

 

Figure 195. Mirror Object 

6.2.6 Per Model Settings 

The “Per Model Settings” is only important when you have dual extrusion. From here you can select 
which of the two extruders (materials) you will use for the model.   

 

 

 

 

 

 

 

 

 

 

Figure 196. Per Model Settings 

  

Mirror Arrows 

Extruder Selection 
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6.2.7 View Mode 

Observe your model as solid, or with the X-rays view. The most important is that you can observe 
the number of the required layers, and how they will be built. 

 

 

 

 

 

 

 

 

 

 

Figure 197. View Modes 

6.2.8 Multiply Model 

When you can print many models at once (subject to your 3D printer), you have the option to multiply 
your model as many times you want. Right click on your model and select “Multiply Model…”At 
the next dialog enter the number of the copies you want.  

 

 

 

 

 

 

 

 

 

 

 

Figure 198. Multiply Model  

Number of 
Required 
Layers 

Solid View X-Ray View Layers View 

Copies 
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6.3 Printing Settings 

1) The first box of your settings is the “Material” selection. If your material is not in the list, 
click on “Manage Materials”.  

Figure 199. Manage Materials 

  

Available Materials 

More Materials 
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2) The “Profile” box depends on the printer you are working with. Each printer has its own 
quality levels. These quality levels are the layer thicknesses of the printed model. The higher 
the quality is, the better the result will be. Don’t forget that lower thickness, will need more 
time for the model to be printed than a higher one. 

Figure 200. Profile Settings 
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3) The “Print Setup” feature can be either Recommended or Custom. 

•Recommended Settings 

Recommended (Default) settings give us the option of choosing the infill percentage 
only by 0%, 20%, 50% and 100%. Furthermore we can decide if we want support or 
not, and raft as well.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 201. Recommended Settings 

  

Infill Percentage 
Selection 

Support & Raft 
Selection 
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•Custom Settings 

Before you start changing these settings, organize them by selecting only the 
important ones. You will see a little gear before each arrow. Click on it, add the 
settings given below each chapter (Quality, Shell, etc.) and continue. 

Figure 202. Custom Settings 

  

All Custom 
Settings 
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6.3.1 Quality 

Figure 203. Quality Settings 
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1) Layer Height 

You can change your printing layer height in any rate, but we strongly recommend you to keep the 
height on the default rates of each printer. 

 

The model on the left has a bigger layer height than the model on the right – Image Source: 
https://ultimaker.com/en/resources/20414-quality 

Figure 204. Layer Height 

2) Initial Layer Height 

This is the height of the first layer of your object. You need to set this height about 0.05 or 0.1 mm 
more that the “Layer Height”, in order to create a stronger adhesion with the build plate. 

 

3) Line Width 

This must be the same as your printer’s nozzle diameter. Don’t try to change that number because 
you might have problems in your printing. Furthermore all the settings that include “Width” keep 
them as they are. 

 

The model on the left has a smaller line width than the model on the right – Image source: 
https://ultimaker.com/en/resources/20414-quality  

Figure 205. Line Width  
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6.3.2 Shell 

Figure 206. Shell Settings 
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1) Wall Thickness & Wall Line Count 

These two options are about the outlines. You can decide how many millimeters you want to have 
for your “wall” or how many numbers of lines on it. Be careful! You can only change one of these 
two.  

 

The model on the left has 3 walls and the model on the right has a single wall – Image source: 
https://ultimaker.com/en/resources/20415-shell  

Figure 207. Wall Thickness  

2) Top/Bottom Thickness & Top/Bottom Layers 

Here you can change the thickness of your base and your top floor. You can either have them equal 
or different.Besides that, you can change each of them by thickness or by number of layers.  

Be careful! You can only change one of these two. 

 

3) Top/Bottom Pattern 

Here you have three options. “Lines”, “Concentric” and “Zig Zag”. These changes can’t be observed 
in the software because top and bottom layers have a 100% infill. You can see these changes after 
you print your model. 

 

The model on the left has lines pattern, the model on the right uses the concentric pattern – Image 
source: https://ultimaker.com/en/resources/20415-shell  

Figure 208. Top/Bottom Pattern   
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6.3.3 Infill 

Figure 209. Infill Settings 
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1) Infill Density & Infill Line Distance 

This option is about the density of the material, the model will have in its core. It can be a percentage 
number (rated from 0% to 100%) or a distance between the lines (in millimeters). 

Be careful! You can only change one of these two. 

 

The model on the left has a higher infill density than the model on the right - Image source: 
https://ultimaker.com/en/resources/20416-infill  

Figure 210. Infill Density 

2) Infill Pattern 

This is the way your printer will build the infill layers. There are nine different patterns, and 
depending on the application you need, you can choose one of them. For educational use, the best 
choices are “Grid”, “Lines” and “Triangles”.  

 

Figure 211. Infill Pattern – Image source: https://ultimaker.com/en/resources/20416-infill  

 

3) Infill Layer Thickness 

The number of the infill layer thickness must be the same with the overall layer thickness; otherwise 
you might have failures and problems during your printing.  
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6.3.4 Material 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 212. Material Settings 
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1) Printing Temperature 

The temperature of the printed material is very important. Each material has different melting 
temperatures and the user must be aware of them.  For example, PLA has printing temperatures up 
to 180 - 190oC, while ABS is printable at 210 to 220oC. 

2) Build Plate Temperature 

When the printer has a heated bed, you must set the temperature of it. The temperature must not be 
higher than the maximum level, given by the manufacturer. 

3) Diameter 

Read carefully your printer’s specification before this option. The available materials for 3D printing 
can be either 1.75mm or 2.85!! If your “Diameter” number is different from your material’s real 
diameter, you will cause problems to your printer. 

4) Enable Retraction 

Saving material is very useful for you. By checking this option, your extruder will retract the material 
every time is travelling without printing. This will also help you, having better quality prints.  
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6.3.5 Speed 

Figure 213. Speed Settings 

1) Print Speed and Travel Speed 

These two settings must be left as they are. Printer default values are the best option for you. If you 
want to change them, try to have the travel speed two times higher than the print speed.  

  



MAKEITREAL Project Erasmus+ KA2 2016-1-PL01-KA201-026492 

 

160 

6.3.6 Cooling 

Figure 214. Cooling Settings 

1) Enable Print Cooling 

Every time you print a model, you must enable the cooling system of your printer, in order to have a 
better quality printing. Without the cooling system, the material will remain hot after the extrusion 
and the layers will not be built as they should.   
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6.3.7 Support 

Figure 215. Support Settings 
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1) Enable Support 

If your object is very complicated, you might need support material to build some geometries that 
can’t be built by own. Such as bridges or horizontal holes.   

 

Figure 216. Enable Support 

2) Support Extruder (available only in Dual Extrusion) 

If you are printing with a dual 3D Printer, you can select which of the two extruders you will use for 
the support material. Support material is better to be different from model’s material if you have a 
dual extrusion. This helps to separate easier the model from its support after printing. 

3) Support Pattern 

This is the same as “Infill Pattern”, but with fewer options. Don’t try to have very complex pattern; 
because all the support material will be removed afterwards. 

 

Image - Source: https://ultimaker.com/en/resources/20422-cura-support-settings 

Figure 217. Support Pattern 

4) Support Density 

It’s again the same as “Infill Density”. Remember to have low rate of density, because all the support 
will be removed, and you will lose lot of material if your density number is high.  

Support Material 

Model 
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6.3.8 Build Plate Adhesion 

Figure 218. Build Plate Adhesion Settings 
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1) Build Plate Adhesion Type 

In order to have a good quality of your print is better to use some kind of base beneath your model. 
There are different types of bases. Depending on the type you will choose, you will have different 
settings. 

a) Skirt    

Skirt Line Count is the number of the lines, the skirt will have. 

 

Figure 219. Skirt 

  

Skirt Lines (3) 
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b) Brim  

  Brim Width is the distance from the model, to the outermost brim line.

 

Figure 220. Brim 

  

Brim Width 
(8mm) 
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c) Raft 

  Raft Air Gap is the gap between the last raft layer and the first model layer.  
 Try not to increase it more than 0.2mm; otherwise your model will peel off  
 the raft during printing. 

  Raft Top Layers is the number of the layers after the 2nd raft layer and before  
 the first model layer. These layers are fully filled. Two or three layers are  
 well enough.  

 

 

Figure 221. Raft 

2) Build Plate Adhesion Extruder (available only in Dual Extrusion) 

If you are printing with a dual 3D Printer, you can select which of the two extruders you will use 
for the plate adhesion material.  

  

Raft Raft Top 
Layers 

Raft Air Gap 
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6.3.9 Dual Extrusion (available only in printers wi th Dual Extruder) 

Figure 222. Dual Extrusion Settings 

1) Enable Prime Tower 

When printing with dual extrusion, you will face some problems during the switch from the one 
extruder to the other. This feature helps the material’s flow to stop before each nozzle switch. 
Although you will have wasted material, it’s a very good solution, to avoid failures.  

2) Prime Tower Size 

This is the width of the prime tower. The best values are between 10 to 15 millimeters. Lower values 
will not be useful; while higher will produce a lot of wasted material. 

3) Prime Tower X/Y Position 

The positioning of the prime tower is not so important, but you can select where you want to build 
it. The four corners of your printer is a very good option, while close to your model may affect the 
printed result. 
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Figure 223. Prime Tower 
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6.4 Export Project 

After finishing all your preparation in the model, you have to send it to the printer. Depending on the 
3D printer there are various ways to send the job (SC Card, USB driver or cable and Wi-Fi 
connection). Find your removable disk or your Wi-Fi connection and save your project as a “GCode 
File (*.gcode).  

 

 

 

 

 

 

 

 

 

 

 

Figure 224. Export Project 
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Chapter 7: Additional resources 

7.1 Download links and Q&A about FreeCAD 

The official webpage of FreeCAD is the following. Here you can find documentation in several 
different languages, information about the software as well as the links to download the latest version 

https://www.freecadweb.org/ 

 

A great resource for answering questions about FreeCAD is the forum. You may see the instructions 
and rules of use in the following link. You can also browse previous questions related to 3D modeling 
with FreeCAD: 

http://forum.freecadweb.org/ 

Additional teaching materials and videos can be found on the Learn FreeCAD channel on youtube: 

https://www.youtube.com/channel/UC_9HwDkwxllq5lFGkYBIH9g 

7.2 Download links and information about CURA 

The official site of Cura Open Source software is provided by Ultimaker 

https://ultimaker.com/en/products/cura-software 

You may also visit the forum related to education and 3D printing in schools 

https://ultimaker.com/en/community/education 

7.3 Online 3D printing services 

As 3D printing is becoming popular among designers, students and educators, during the last decade 
a special category of companies have begun to offer online services. Individual users can upload their 
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designs, the model is automatically checked and the price is calculated for different materials. The 
user can order the 3D printed object, which is manufactured in professional 3D printing equipment 
and is shipped worldwide within 8-10 days. Among the most well-known and reliable companies are 
the following: 

https://www.shapeways.com/ 

https://i.materialise.com/ 

https://www.3dhubs.com/ 

https://www.sculpteo.com/en/ 

https://www.ponoko.com/ 

7.4 Model sharing websites for downloading 3D models 

There are numerous online platforms where designer from all over the world upload their models. 
Most of them can be downloaded free of charge, some of them can be purchased while others are 
available under creative commons licenses. Models can be downloaded and imported, and fixed (if 
necessary) in FreeCAD. The workflow is seen in Chapter 6. A shortlist of such online platforms is 
the following: 

https://sketchfab.com/ 

It is specialized in gaming, cultural heritage, characters, animals, science, nature & education 

http://www.myminifactory.com/ 

It offers guaranteed 3D printable models, and knowledge sharing pages 

https://grabcad.com/ 

It offers 3D files in several different formats and a three-dimensional preview. It is one of the largest 
databases, mainly with engineering parts 

https://pinshape.com/ 

It offers mainly toys, creatures and miniatures 

http://thingiverse.com 

It offers one of the largest collections of files for 3D printing, and a particular section for education 

7.5 Educational resources 

Thingiverse Education provides over a hundred free lessons that make teaching with a 3D printer 
easier and more effective for a variety of grade levels and subjects. It also provides a community 
where educators can exchange best practices or remix projects. 

http://www.thingiverse.com/education/ 
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Stratasys offers a semester-long Curriculum that combines in-depth lectures and class discussions 
with exciting hands-on projects, your students will gain the theoretical and practical knowledge they 
need to take advantage of 3D printing technology in the real world. 

http://www.stratasys.com/resources/education-materials 

Makerbot offers an extensive teaching guideline for 3D printing. It offers examples in CAD software 
such as Tinkercad, Openscad, Sculptris, 123D Design and Meshmixer. It is available for download 
here: 

http://pages.makerbot.com/download-makerbot-in-the-classroom.html 
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