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Abstract—In some classrooms the use of digital tablets for students is al-
ready standardized and is integrated into the teaching-learning process of the
school. On the other hand, the use of cutting plotters is not common, although
they are low-cost, easy to use and transportable devices. These machines are
usually found in digital fabrication spaces such as Makerspaces, Fab labs, etc.
However, it is interesting to introduce these technologies in traditional class-
rooms. This article describes an experience carried out at Colegio San Isidro,
Los Salesianos de la Orotava, Tenerife in the 3rd year of secondary school in
the subject of plastic, visual and audiovisual expression, in which an activity of
design and creation of pop-up cards has been carried out. This activity is made
in many subjects in order to develop creativity or to understand three-
dimensional concepts (mathematics, plastic, etc.). This activity involves cutting
and folding paper that is usually done with scissors or cutter. It is proposed to
digitalize this activity by means of digital tablets and portable cutting plotters.
At the end of the activity, all the students were able to make their pop-up card
using the proposed technologies and felt able to carry out the work autonomous-

ly.
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1 Introduction

From 2013 it is already indicated that digital tablets will be technologies that will
have an impact on education in the coming years. Digital tablets and mobile devices
are used by 83 % of children at the age of 14 [1]. One of the most extensive tablet
studies "The iPad as a tool for education - a case study" [2] demonstrates the signifi-
cant and very positive impact on students' teaching and learning. Digital tablets, due
to their portability and autonomy, allow any classroom to be converted into a digital
space and are positively accepted by actual students (digital natives) without any
problem [3].

Digital manufacturing technologies include the process of creating, editing and
managing digital files [4]. Until a few years ago, all these processes required special-
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ized training, usually in the fields of engineering and architecture. However, with the
evolution of software and hardware, these technologies have become accessible, both
economically and in terms of training, so that processes linked to digital manufactur-
ing can be carried out easily [5]. Therefore, the incorporation of these technologies in
educational environments is a viable option [6].

Within the different international reports on education there is a specific one on
technologies that has become a reference: the "Horizon Report". In this report, specif-
ically the one analyzing new technologies in secondary and high school, the creation
of digital manufacturing laboratories (also known as Fablabs or Makerspaces) has
been included since 2015 and is expected to be a reality for less than a year [7]. As the
report also points out, its implementation in primary and secondary schools is already
a reality in cases such as Frysklab, the creative workshop of the Fryslan municipal
library (Holland), the Makerspace of the Sierra Vista Secondary School of La Puente,
in California, or the Secondary School of Monticello, in Charlottesville, Virginia,
providing workspaces for technological research with tangible benefits such as re-
duced absenteeism from school, improvement in subjects such as mathematics or
interest in science or engineering careers, based on the use of digital manufacturing
tools. In Spain, Galicia will implement next year the first Bachillerato STEMbach (of
excellence in sciences and technologies) that include Maker spaces [8].

The learning of digital design and manufacturing is also beginning to be recognized
in official bodies. For example, at a local level, the Department of Economy, Industry,
Commerce and Knowledge of the Canary Islands Government, in July 2016, in its call
for grants aimed at improving the digital skills of the population living in the Canary
Islands, includes design, modelling and digital manufacturing among the three themes
of the call [9]. As a result of this initiative, the Ministry of Education in the Canary
Islands has created the program "STEAM for the promotion of scientific vocations
and creativity". This program includes training activities, linked to design and digital
manufacturing, aimed at secondary and high school education. Specifically, two Fab
Labs have been created in 2018, one in the Teacher Training Centre in La Laguna and
the other in Las Palmas de Gran Canaria, and the intention is to create another eight,
spread over the seven islands. In addition, this program is supporting the creation of
Makerspaces in secondary schools. To carry out educational projects, manufacturing
machinery such as 3D printers and laser cutting machines are available in these labor-
atories [10]. They are equipped with tools used for the exportation of models to 3D
printers or with tools which can calculate the tool path which will be engraved in a
CNC machine in wood, metal, methacrylate or any other material, so as to obtain a
physical and tangible object of the 3D model designed by the computer [11].

However, despite these advances, it is still difficult to have a digital manufacturing
laboratory or maker classroom in the school itself [12]. Due to this, it is interesting to
propose activities that introduce digital manufacturing in any space. In the educational
environment, there are centers that have implemented 3D printers in the classroom
and research into the scope that this digital manufacturing tool has on students [13].
Although the results are acceptable, the work times of 3D printers tend to exceed the
time available in ordinary sessions during school hours.
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In this sense, manufacturing using cutting machines can be an alternative to avoid
the problems of excessive time required by 3D printers. Although this manufacturing
process is not exactly the same as 3D printing, it may be a more feasible option in
terms of the time needed to make large pieces or a larger number of them.

The construction of parts using cutting machines (milling machine, laser cutting
machine and cutting plotter) is much faster but there is not much history of its use in
educational environments such as high school. This is mainly due to its high cost,
noise or dangerousness. However, the technological advances are allowing to solve
these inconveniences and therefore, you can begin to design automated manufacturing
activities by cutting in traditional classrooms with these tools. This article discusses a
low-cost digital design and manufacturing activity that uses free applications on mo-
bile devices to facilitate ubiquitous learning and a low-cost portable cutting plotter
that allows the experiences of digital manufacturing labs to be transferred to any edu-
cational space.

The proposed activity consists of the production of pop-up cards by students, using
a cutting plotter and vector drawing applications for digital tablets. Pop-up cards are
foldable cards that generate three-dimensional shapes when opened. A pilot test has
been developed with 72 students from the 3rd year of Secondary school of the Cole-
gio San Isidro, Salesianos in La Orotava, within the framework of the subject of plas-
tic, visual and audiovisual expression, in which these technologies have been incorpo-
rated. The results in the experience show that the digital manufacture by cutting plot-
ter and the vectorial design by means of applications in digital tablets are viable in
secondary education and are valued in a positive way by the students.

2 Background

2.1  Activities trimmed paper (kirigami) in school environments

The creation of pop-up cards enters the field of kirigami. The term kirigami derives
from the Japanese words KIRU (cut) and KAMI (paper). There are many forms of
kirigami, but the most widespread is the one that folds a paper in half, cuts a shape
and generates a three-dimensional piece when opened [14]. This technique is also
known as pop-up [15, 16].

Like paper, it is estimated that Kirigami was born in China and was used in every-
day life as festive decorations or as religious motifs, but some of these designs were
also used as patterns to make decorations in fabrics and ceramics expressing moral
principles, philosophies and aesthetic ideals [17]. The oldest example of this surviving
activity is a symmetrical circle, found in Xinjiang, China, dating from the 11th centu-
ry [18]. This was also initially a knowledge that was transmitted orally until, in 1721,
the first published reference on folding and cutting paper appears in a Japanese book
by Kan Chu Sen [19].

Kirigami has traditionally been used as a decorative or entertainment technique.
However, it is also used in architectural design [20], applications of kirigami have
been found in the creation of solid structures at the micro-scale and metamaterials
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with graphene [21]. Other researches produce kirigami nanocomposites as plasma
electrodes that open up a wide range of technological solutions for electronic devices
[22]. The elasticity of materials is also tested, for example in batteries, using Kirigami
techniques [23]. Even artificial muscles are created by the Kirigami design [24].

In the educational context, paper is cut and folded as usual. Monteiro Kobayashi
and Ueno Yamada [25] present the use of origami and kirigami in a course that aimed
to use these techniques as a recreational and educational resource, while seeking to
introduce cultural aspects of the art of folding and cutting paper. Other research aims
to increase spatial visualization skills through origami, kirigami and origamic archi-
tecture [26]. It is also used to learn fractals (fig. 1) in mathematics [27], to improve
creative skills [28], to encourage creative thinking [29], to teach micro electromechan-
ical systems [30], etc.

Fig. 1. Fractal Kirigami

Source: Wikimedia commons

In recent years there have been multiple applications and programs that create pop-
ups automatically using computer tools [31, 32, 33], however, in the activity de-
scribed in this article the card designs were made without using automated composi-
tion processes, so that students would understand the principles of pop-up. For this
purpose, vector drawing applications are used on mobile devices. Vector drawing is a
format that is compatible with cutting machines.
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2.2 Cutting machines in school environments

Traditionally, colored papers, templates, folding bones and cutting tools such as
scissors, cutters, knives, cutting shears, magnetic cutting bases, special knives, guillo-
tines, etc. are used to make pop-up figures. Today there are digital cutting machines
that can replace these tools. Within digital manufacturing there are two constructive
forms: through the addition of material, known as additive manufacturing and the
second through the suppression of the material or subtractive manufacturing. Each of
the two has different shapes and variants, depending on the work being done. In edu-
cational environments, the best-known form of digital manufacturing are 3D printers.
However, there are subtractive digital manufacturing techniques using cutting ma-
chines. Among the cutting devices are laser cutting machines, CNC milling machines
or cutting plotters. These technologies have become cheaper in recent years, appear-
ing economic options aimed at non-professional users that allow their integration in
educational contexts [34].

With respect to the first of the cutting technologies, the milling machines, are ma-
chines that work in a mechanized way, cutting the material by means of the movement
and rotation of a milling cutter. It has the capacity to cut, rough, file and sharpen ma-
terials of great thickness and hardness such as wood, metals, etc., depending on the
specifications of each brand. Numerical control milling and cutting technology has
also experienced a phenomenon similar to laser cutting tools with the emergence of
affordable, personal fabrication oriented options. However, these machines have some
drawbacks when it comes to introducing them in educational environments, such as
the high level of noise and dust they produce as well as the need for specific training
for handling digital files and selection of cutting parameters. In spite of this, didactic
and hobby-oriented models are emerging that are increasingly reducing this type of
inconvenience. Among these models we can find proposals such as "Carbide 3D",
"Carvey", "MillRight CNC", "X-Carve" or "Stepcraft" (fig. 2a).

The second of these technologies, although there are "desktop" laser cutting ma-
chines aimed at personal manufacture, their use in educational environments involves
certain dangers arising from the laser head and the emanation of gases depending on
the material being cut, which require the use of an air filter. However, some of these
machines are used in secondary schools in specific makerspaces or fab labs. These
laboratories, with people trained in the use of digital manufacturing technologies have
the ability to integrate laser cutting machines at prices ranging from 600 to 5000 eu-
ros, something unthinkable just two years ago. In this price range are the following
tools "FABOOL Laser Mini" (fig. 2b), "Mr Beam", "Full Spectrum Laser Hobby
Series" or "Glowforce".

Another digital manufacturing technology is the cutting plotter. This type of ma-
chine has a head with a blade that moves over the surface of the material to be cut or
die-cut. On a professional level it is usually used in the graphic industry and the mate-
rial most commonly used is vinyl, although there is the possibility of doing so with a
wide variety of materials. For a price between 1000 and 2000 euros, you can buy a
cutting plotter with professional characteristics. However, for about 250 euros, there
are cutting plotters that can be purchased in paper shops oriented to the phenomenon
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of scrapbooking (personalization of albums by cut-outs). These machines, not much
larger than a paper printer, are easy to operate and can cut a wide variety of materials
such as paper, cardboard, cloth, eva rubber, etc. and are perfectly compatible with
most computers and image files with which you usually work in school environments.
Among these devices we can find models such as Cameo and Curio from the compa-
ny Silhouette, the Cricut, the Stika series from the company Roland, or ScanNcut
from Brother among others. Some of them are sold with a transport bag with wheels
that allows you to move them very comfortably (fig. 3).

(@)

Fig. 2. (a): Hobby-oriented milling machine: Stepcraft 420, (b): Desktop laser cutting ma-
chine: FABOOL Laser Mini

Source: https://www.smartdiys.cc/products/fabool-laser-mini

Fig. 3. Portable Cutting plotter
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In the field of education, tools are valued that are simple to operate, do not require
a complex installation, can be transported easily, do not produce waste and are afford-
able. In this sense, as we have seen, the best alternative among cutting machines is the
low-cost cutting plotter. This tool is useful for cutting elements of small and medium
thickness, from paper, cardboard, eva foam, acetate, etc. It cuts at a higher speed than
by hand, generates little noise, does not release traces of material in the form of toxic
waste or fumes and is not dangerous to use. Taking into account these characteristics,
it is postulated as a suitable tool for use in school environments. The cuts produced
with the plotter are related to the same processes that can be carried out with a cutter
or scissors, but the digital result is usually more precise and faster.

2.3  Digital design of the pop-up cards

To be able to cut with a cutting plotter, laser cutter or milling machine it is neces-
sary to have a digital file that can be interpreted by the machine. These files are gen-
erally known as vector drawings. These are formed by geometric objects such as
points, segments, polygons, arcs or lines. Each of them has mathematical properties of
form, position, etc. that can be read by numerical control machines [35]. The usual
vector graphics formats are svg (scalable vector graphic) or dxf (Drawing Exchange
Format), so when exporting a file these extensions will be used. Some programs or
applications do not allow export in these formats so it is necessary to use a program to
change it. Currently there are several free online resources to perform this action, such
as convertio, cloudconvert, aconvert, etc.

Vectorization is worked in many artistic disciplines such as design or illustration.
There are a series of programs, applications, etc. that allow vector drawing. They are
divided into computer programs, applications for devices such as tablets or mobiles
and online programs that normally work on various devices. Some programs allow
manual vectorization and others do it automatically from an image or photograph. The
programs that are to download and install on computers such as Illustrator or Autocad
are usually the most powerful to work, but are complicated to learn, require an instal-
lation and can involve a large cost.

Another option are online programs, which minimize some of the problems seen
above. These programs do not require installation since they work online, and alt-
hough they do not have all the functions of professional programs such as Illustrator,
they allow a basic vectorization in a very simple and intuitive way. Among these
online programs, we can highlight Gravit designer, Vecteezy Editor or Vectr. Being
online, they require continuous connection to the Internet, but are a viable and free
option, very interesting, especially in educational environments, where it is usually
difficult to install a program without the permission of administrators. However, you
usually need a computer room to work with these programs because on mobile devic-
es they work with difficulty.

To work with mobile devices such as Smatphones or digital tablets there are appli-
cations such as Skedio, Vector Art Studio or Imaengine Vector that are free and
downloadable. They allow to work the vectorization in an efficient way, being an
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interesting alternative to the online or computer programs, since they do not need a
continuous connection to Internet and they are very suitable for beginners.

3 Materials and Methods

3.1  Participants

The activity has been carried out at Colegio San Isidro, Los Salesianos de la Orota-
va, Tenerife in 3rd year of scondary school in the subject of plastic and visual expres-
sion. A total of 72 students participated. These students completed a previous
knowledge questionnaire to assess their notions about the technologies to be used and
their knowledge about pop-up cards. The following data were extracted from this
questionnaire:

e 87.50% of the participants had no knowledge of vector design
e 97.22% have never used a cutting plotter
e 79.17% do not know what a Popup card is

3.2 Hardware and software

This activity was performed with ipads and two vector drawing apps. Because the
center distributes a tablet for each student, and its use is integrated into the learning
and teaching process of the center, the realization of this practice was possible in a
classroom without computer equipment.

Coloured cards were provided for the whole group. The software and hardware
used for the pilot test was as follows: For the vector drawing the Adobe Draw applica-
tion was used and the Imaengine Vector application for Ipad and Iphone, which al-
lows the possibility of importing images in various image formats, such as jpg. and
export in svg. Which is compatible with the cutting plotter. The main tool that inter-
ests us for the activity is the vector pen and this app has it, its operation is simple and
functional. It allows to make straight lines and vectorized curves, making use of fin-
gers or a specific stylus.

A low-cost portable Silhouette Cameo cutting plotter (300 €) with its accessories
and the free Silhouette Studio 4.1 Basic Edition were used as a digital tool to auto-
mate the cutting of cardboards (fig. 4).
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Fig. 4. Low-cost portable cutting plotte from Silhouette Cameo

3.3  Experience carried out

The experience consisted of generating pop-up cards related to the color learning
situation, in the part of the representation of symbols with colors. To do this, each
student chooses a color and then searches for an image of an object that represents
that color.

The experience consisted in generating pop-up cards related to the chromatic circle
and the symbols that represent the different colors using the new technologies. This
activity is framed within the subject of Plastic, Visual and Audiovisual Education
since it works with the contents of this subject according to the curriculum of the 3rd
year of secondary education. Among the contents of this subject stands out the ac-
complishment of compositions, abstract or figurative, with different graphical tech-
niques and with the use of the TIC when it is necessary, to express sensations by
means of the use of the color, valuing the expressive capacity of these elements (Gov-
ernment of Canary Islands, 2018).

In order to carry out the activity, the image chosen by each student must be simpli-
fied. To do this, it is imported into the Adobe Draw application and modified to obtain
a simple symbol. This symbol is saved and imported into the Imaegine Vector appli-
cation where the pen tool is selected to automatically vectorize the image (fig. 5).

Once all the outline and details are done, the file is exported in .svg format. Next,
we must convert the .svg file into a dxf format in order to be able to work with it in
the cutting plotter. For this step we used the program online and free convertio vector
https://convertio.co/es/vector-converter/.
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Fig. 5. Aplication Imaegine Vector for vectorize an image

Once we have the vector drawing in dxf format, we pass that file to the computer
that is connected to the Silhouette cutting plotter. Import it into the Silhouette Studio
program or drag the file into the program's interface. The program interface shows the
mat located on a grid, which simulates the cutting space with that mat. When the im-
age of the vector is located in the interface, the size is modified, the necessary ar-
rangements are made, adding the flaps to turn the drawing into a pop-up and the lines
are converted into dotted lines of those parts of the vector that we don't want the plot-
ter to cut because that's where the folds will be made (fig 6a). These folds allow the
third dimension to be taken out when folding the card.

Before cutting it is necessary to prepare the cutting settings of the Silhouette Studio
4.1 Basic Edition machine. In the same program they modify the necessary parame-
ters of cut according to the material, in this case, it will be cardboard. This material
appears in the predetermined cutting parameters and tells us at what height the blade
should be. Then you just have to load the material into the plotter and send the file for
cutting (fig 6b). To finish, the student makes the correct folds in the cut cardboard so
that the three-dimensional shape of the pop-up stands out.

(@)

Fig. 6. (a): Student preparing the cutting settings of the Silhouette Studio 4.1 Basic Edition (b):
Student loading the material into the plotter and send the file for cutting
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Finally, the pop-up cards are folded to achieve the third dimension (fig. 7).

Fig. 7. Results obtained by the students

3.4  Measuring instruments

Two satisfaction questionnaires were used as a measuring instrument. A question-
naire prior to the activity to assess the initial idea that the students had about the activ-
ity and a subsequent questionnaire to assess the acceptance of the activity on the part
of the student. Both questionnaires are valued according to the Likert scale, where
there are five answer options: no agreement, little agreement, agreement, agreement
enough, agreement enough and total agreement. In each of the questionnaires, and in
order to see the effect that the activity has on the learning of the basic elements of this
activity, they are asked if they know the vectorisation technologies, the cutting plotter
and the pop-up cards. These questions are answered with yes or no.

The pre-activity Questionnaire questions are as follows:

o [ believe that vectorization and cutting through machines makes sense within my
student training

I think creating 3D pop-up cards is difficult

I prefer learning with traditional media over digital ones

Digital materials are a good complement to my training

I think I have the knowledge to vectorize

The use of digital manufacturing technologies increases my motivation

The questions in the post-activity questionnaire are as follows:

I found it easy to vectorize images

I am satisfied with the result (pop-up card)

I learned to use new digital tools

I prefer to make pop-ups using digital tools rather than traditional ones
I have obtained the necessary information to make pop-up on my own
I would recommend the activity to others

I think the cutter is very interesting for my own work

I think that other subjects could use the cutting machines
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4 Results

Initial Questionnaire:
The following data on the basic elements of this activity were extracted from this
questionnaire:

e §87.50% of the participants have no knowledge of vector design
e 97.22% have never used a cutting plotter
e 79.17% do not know what a Popup card is

Shows the results of the pre-activity satisfaction questionnaire:

Table 1. Results of the previous satisfaction questionnaire
. Mean
Question (St.dev)

1[I believe that vectorization and cutting through machines makes sense within my training. [2.97 (0.60)
2 |l think creating 3D pop-up cards is difficult. 3.03 (0.77)
3 |prefer traditional to digital learning 2.53 (1.19)
4 |Digital materials are a good complement to my training. 3.79 (0.92)
5 [l think I have the necessary knowledge to vectorize. 2.32 (0.95)
6 |The use of digital manufacturing technologies increases my motivation. 3.78 (0.86)

Post Questionnaire:
From this questionnaire, the following data were extracted on the basic elements
subsequent to the carrying out of this activity:

e 100% of the participants have learned to carry out vector design. They know how
to handle the cutting plotter and have learned the concept and how to create a pop-
up card

Table 2 shows the results of the satisfaction questionnaire after the activity:

Table 2. Results of the post satisfaction questionnaire

Question Mean
(St.dev)
1 |l found it easy to vectorize images 4.03 (1.02)
2 |l am satisfied with the result obtained (pop-up card). 4.55 (0.83)
3 | have learned to use new digital tools 4.48 (0.63)
4 [I prefer to make pop-ups using digital tools as opposed to traditional 4.03 (0.87)
5 |l have obtained the necessary information to perform pop-up on my own 3.93 (0.88)
6 |l would recommend the activity to others 4.28 (0.84)
7 |l think the cutting plotter is very interesting to make your own work 4.38 (0.82)
8 [l think other subjects could use the cutting machines 4.31 (0.60)
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5 Conclusion

The results in experience show that digital manufacturing using cutting plotter and
vector design using applications on mobile devices are feasible in secondary educa-
tion without the need to create a Fab Lab (digital manufacturing laboratory) in the
school. Therefore, it may be a good strategy to create some well-equipped regional
fablabs and to complement each school with digital manufacturing activities with
portable machines such as tablets and cutting plotters.

The plotter used that has a case with wheels is very comfortable to move. On the
other hand, regarding the difficulty and reliability of this tool, we can say that the
cutting plotter Silhouette Cameo 2 brand has worked properly without causing prob-
lems to students or teacher, because around 100 cuts made (between previous tests,
exercise and errors), did not produce any failure of the machine itself. The problems
detected were related to the additional materials, such as the mat and the wear of the
blade. Therefore, both its price and its operation is optimal for work in schools.

The activity carried out within the framework of the subject of Plastic, Visual and
Audiovisual Education works with the contents of this subject such as the making of
compositions, abstract or figurative, with different graphic techniques and with the
use of ICT when necessary, to express sensations through the use of color, valuing the
expressive capacity of these elements. Therefore, it is an activity that fits perfectly in
the subject and works several contents.

Before carrying out the activity, the students did not associate this type of exercise
(vectorization and cutting) with the contents of the subject (2.97/5). However, once
the activity was finished, the students not only stated that they had learned new digital
tools (4.48/5) but also that they would recommend cutting technologies for other sub-
jects (4.31/5). In addition, students reported that they were very satisfied with the
result obtained (4.55/5).

When comparing the results of the initial questionnaire with the post-activity ques-
tionnaire on the basic elements following the completion of this activity, the following
is obtained:

Although 87.50% of the participants had no knowledge of vector design, 100%
learned to make vector drawings at the end of the activity. 97.22% of the students had
never used a cutting plotter, however at the end of the activity 100% of the partici-
pants said that they had learned to use the cutting plotter. Although 79.17% of the
participants did not know what a pop-up card was, 100% learned the concept and how
to create a Popup card.

Regarding the use of digital technologies, it is observed that among the students the
preference for learning with digital methods increased over traditional methods (2.53
in the initial questionnaire versus 4.03 in the later one). In addition, the students think
that they have received the necessary knowledge to carry out the work autonomously
(3.93 out of 5) and would also recommend the activity to other people (4.28 out of 5).

The work of the pop-up cards offers multiple options and themes. In this work, the
form and the front fold for each one has been restricted, varying only the content or
the image of the card. For future activities, the folds may vary as well as the type of
cut.
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