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Abstract. Computer science is taught as a regular subject in the school systems
of many countries. Most tools used to teach main topics of computer science
curricula, such as data structures and algorithms, are visually oriented. Our
work aims to assist visually impaired students to understand fundamental data
structures and algorithms through 3D printed haptic models. We developed a
simple but general method that can be used by the teacher to introduce data
structures and algorithmic thinking to both visual impaired and sighted students
in inclusive classes. We evaluated our models for teaching one-dimensional ar-
rays to both visual impaired and sighted students.
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1 Introduction

Computer science is taught as a regular subject in the school systems of many coun-
tries. The Convention on the Rights of Persons with Disabilities demands that all
states ensure inclusive education at all levels [25]. Even if computer science is a
common subject for high school students with disabilities [9], most tools used to teach
data structures, algorithmic thinking and basic programming are visually oriented and
thus not suitable for blind students.

Assistive technologies allow visually impaired people to access information; how-
ever giving only the opportunity to access digital content might be not enough for a
fully inclusive education. Paradoxically, students may perceive that assistive technol-
ogies place them in an atypical educational situation [22]. Therefore, their technical
aids, special education teachers or different teaching concepts could cause them dis-
comfort, by feeling different [6].



For this reason, any educational accessible tool that can be used with both sighted
and visually impaired students merits to be investigated, since it can help them to fit
in with their classmates and letting them feel “like everyone else”.

In computer science, data structures and algorithms are fundamental topics. Most
teachers use diagrams, sketches, graphics or animations when introducing them to
help students to “visualise” data structures and the behaviour of algorithms. Common
assistive technologies, such as braille printers or screen readers, cannot reproduce the
same effectiveness gained through the immediacy of an animation.

For these reasons, Capovilla et al. [7] proposed an inclusive teaching method using
LEGO™ to introduce algorithmic thinking. They pointed out the importance of an
inclusive approach and they developed an approach to teach visually impaired stu-
dents basic algorithmic thinking that can also be used with sighted students, because it
addresses yet another sense. Their haptic model, made of LEGO bricks, were used to
teach algorithmic thinking, by recreating the initial situation and the steps leading to
the solution. This can represent a first step as a haptic-based approach in computer
science, which encourages to further investigate in this direction.

The contribution of our work is a general methodology to teach both data struc-
tures and algorithmic concepts to visual impaired students via haptic models. We
propose representing data structures through three-dimensional geometrical objects,
realized through 3D printing, that can model their most important characteristics. As
stated by Hurst et al. [11] there is great potential in developing accessible tools
through 3D printers and other rapid prototyping hardware. This happens not only
because they are affordable and easy to learn but also for the possible interactions
with online communities. Buehler et al. [4] uncovered that a minority population of
designers with disabilities share their 3D printable assistive technologies through
Internet.

Our solution intends to exploit 3D printing for reproducing haptic models in com-
puter science. Teachers can use these proposed tactile models to introduce data struc-
tures and algorithmic thinking to both visually impaired and sighted students. As an
example of our proposal, we present models for one-dimensional and two-
dimensional arrays. Our case study is aimed at showing how 3D printing can be used
for an inclusive education in computer science.

The structure of the paper is as follows: Section 2 describes the background and the
related work in the field, section 3 introduces the proposed methodology, section 4
presents the design and the development of our haptic models and describes how they
have been employed and evaluated, while section 5 concludes the paper and states the
future works.

2 Background and Related Work

Several applications and plug-ins have been proposed for printing content into braille
format [3], [27]. Unfortunately, when considering graphics and figures, specific skills
are requested to prepare the content before printing it. In addition, figures may be too
poor to be able to reproduce complex concepts via braille printers. For instance, Califf



et al. [6] observed that even over-sized braille paper could accommodate only small
trees and they were not a suitable solution for tree rotations and graphs. Also Braier et
al. [2] found that use of braille-based output devices and printing concepts is limited,
especially in the case of table-based data. Since, as previously stated, haptic percep-
tion allows to gather a fast overview of and deeper insight into the data, they devel-
oped a haptic 3D surface representation of classic diagrams and charts, such as bar
graphs and pie charts. Finally, they proposed a model for German schools that in-
cludes a 3D printing approach to help integrate students with visual impairments.

There are several examples of using 3D printing in education for visually impaired
students. 3D printing has been used by providing them with tactile representations of
visual information, and by enabling them to create and adapt their own assistive de-
vices [12]. 3D printing has been used as well as a way of meaningful communication
among blind and non-blind students [15]. Buehler, Kane and Hurst found that 3D
printing also encourages STEM engagement, besides supporting the creation of edu-
cational aids and customized adaptive devices [5].

Lumi Industries is releasing a software that translates text into braille code, creat-
ing the 3D model of a ‘solid braille label’ as a STL file [17], but in our experience, if
the file is printed with low-cost fused filament fabrication 3D printers, the label may
be unreadable.

LibraryLyna is a project that aims to host the largest collection of high quality edu-
cational 3D models to support learning by the blind and the visually impaired. This
project provides printable 3D models for different disciplines: chemistry, biology and
mathematics. Unfortunately, informatics and computer science are not included [16].

Kostakis et al. [15] examined how technological capabilities of open source 3D
printing could serve as a tool for learning and communication. They created an exper-
imental educational scenario focused on 3D design and printing in two high schools in
loannina, Greece: 33 students were tasked to produce creative artefacts that carried
messages in braille. Their experience was positive and led them to suppose that 3D
printing can electrify various literacies and creative capacities and can be a way of
communication and collaboration amongst blind and non-blind students.

Dickson presented three case studies in which three-dimensional models were used
to teach mathematics to visually impaired and blind people [8]. 3D printing has been
applied also in teaching mathematics and physics [20], astronomy [28], chemistry
[13] [21] [23] [24], geoscience [10] and design concepts [19].

In computer science, however, to the best of our knowledge, approaches similar to
ours were rarely proposed. Kane and Bigham [14] used, as we do, 3D printing to
teach programming but in their work 3D printing was only a way to let visually im-
paired students to tactile-visualize the output of the Ruby programs they wrote. We
used 3D printing to build assistive devices that teachers can exploit to explain con-
cepts and students can use to reproduce algorithms for a better comprehension.

Indeed, given the excellent results of 3D printing in teaching other subjects, haptic
models can be very promising also in computer science education. Furthermore, via
3D printing it is possible to create haptic models similar to those developed by other
means and validated by other authors [7] [26]. 3D printing would made similar mod-



els replicable all over the world, without any manual or technical skill, just sharing
STLs and using 3D printers to build them.

As stated by Masilko and Pecl [18], blind people often prefer reading graphs in a
tactile form in relation of the spatial arrangement of nodes and edges, but they cannot
modify them due to the limits of the current technologies. As described by Francioni
and Smith [9] most haptic models allow only a static representation that cannot de-
scribe dynamic behaviour. In this perspective, we intend to consider this important
aspect in our study. With 3D printing it is possible to overcome these issues by mod-
elling structures that can be handled in a dynamic way.

3 Methodology

In this section we present a study proposed to model a haptic prototype designed for
representing data arrays.

Some existing tools and toys can be used to create haptic models of abstract struc-
tures and to simulate algorithms and processes: magnetic toys, LEGO bricks, abacus-
es and similar. In fact, at many special schools for the blind, such tools have been
used for many years to teach the blind mathematical concepts. As previously stated,
we can find some examples of this in the literature.

Our goal is to use 3D printing to produce tangible visualizations of abstract data
structures as arrays, following systematic rules that allows to model the most im-
portant characteristics of these data structures.

High school teachers often teach arrays by comparing them with a sort of contain-
er, in which data can be stored. We consider this case, by modelling arrays as flat
parallelepipeds with holes that can hold three-dimensional structures that represent
data. These parallelepipeds are 1 cm high, 4 cm wide and their length is variable,
depending on the number of cells.

Fig. 1. - Blender model of a 4-cell array with four cells and 8 cylinders representing data.



In our case study we focused on arrays of basic numerical types. We chose to repre-
sent numeric data through cylinders with different heights proportional to the numeri-
cal value. Arrays have been modelled as flat parallelepipeds with circular holes in
witch cylinders can fit (see figure 1).

The proposed model was used to explain, to both sighted and visually impaired
students, sorting and searching algorithms working on arrays.

These haptic models are designed for being used in inclusive classes, both by blind
and sighted students, as they can provide concrete examples to understand complex
theoretical structures, since using hands can help students to think during interaction
with computational objects [1]. Our 3D printed tools are supposed to support all stu-
dents in understand the given problem: when the initial situation has been reproduced,
each step of the algorithm can be explained by moving and switching the cylinders.
When a student has understood the algorithm concepts, he should be able to apply
them to the tool, by moving the cylinders and reproducing each step of the algorithms.

We use different shapes to model different types of data. In particular, we used dif-
ferent hole shapes (circular, triangle, square, etc.) in the parallelepipeds for different
array types, which can be clearly detected by touch.

Fig. 2. 8-cell sorted array, obtained by joining two 3D printed bases

Commercial 3D printers have print area limitations. To build arrays longer than the
printing area, we can link together several bases, by means of joints, thus obtaining
arrays of different sizes (see figure 2).

Moreover, the same joints can be used to obtain 2D arrays, connecting in parallel
two or more bases.

4 Development and Evaluation

The proposed models are so simple to allow even a high school students to develop
them, just after a brief introduction of the main 3D printing concepts. Therefore, we
involved some sighted students of 1.S.l. Fermi, a high school set in Lucca. After a
short course on the 3D modelling software Blender, the students of I.S.l. Fermi mod-
elled and printed some of our models. This is an example of how students with a
properly supervision can create by themselves the haptic models that will be used
during the lessons, with significant benefits in terms of motivation and integration.



In order to understand if our proposal could be a potential solution for an inclusive
lesson, we tested the haptic models with both visually impaired and sighted users.
Three blind users took part in our study. Firstly, the blind author of this work had a
key role in the design process regarding especially the usability of the 3D printed
tools. Next, the haptic models have been evaluated with two other visually impaired
users. To the first user, totally blind since birth, we presented the model explaining
how it was built, what it is represent and how it have to be used. After that, we intro-
duced a sorted array as an array in which cylinders are ordered from the shortest to
the highest. Then we swapped the cylinders into a random order and we gave user the
constraints: cylinders can only been swapped and cannot be put outside the array.
User was asked to think how the cylinders could be moved in order to solve the sort-
ing problem. We then present a simple sorting algorithm (bubble sort algorithm) and
we asked the user to solve the sorting problem with a bigger array.

The second user was visually impaired and slightly intellectual developmentally
delayed. He is a student of a vocational high school, in which computer science is not
a study subject. Since he did not have any programming background, we just present-
ed a brief introduction to basic algorithmic thinking without explaining data structures
and IT topics. Also in this case, the user was able to work with the haptic model with
no difficulty, and he was able to solve the given tasks. We taught him to sort cylinders
with the bubble sort algorithm, by showing several times how the algorithm works on
the haptic model. After some initial mistakes, user could follow perfectly all algo-
rithm’s steps on an 8-cell array model.

Another possible application of our 3D printed models is in the "educational
games" field, which can involve both sighted and visual impaired students. In order to
test our model prototype, we evaluated an easy educational game with sighted stu-
dents of 1.S.1. Fermi that printed some models. The game was quite elementary: the
teacher created an initial situation by randomly inserting cylinders in the array mod-
els. Then the students had to compute the minimum number of switching to reach the
sorted situation. The first who claimed the right solution had to show the class how to
order the cylinders step by step.

5 Conclusions

This paper describes a new approach in teaching computer science via haptic objects,
based on the use of 3D printed models. In particular, we developed a simple but gen-
eral way to represent data structures, i.e. haptic models for reproducing arrays and
their application to algorithms. A short evaluation conducted with both visually im-
paired and sighted students was extremely successful and encouraged us to better
investigate the benefits of using 3D printers in this field. Indeed, the blind users who
participated to the experiment declared that haptic models made it easier the under-
standing of arrays and sorting algorithms much easier. Moreover, educational games
tested with sighted students showed how our haptic models can be suitable to teach
basic algorithmic thinking to both blind and sighted students: everyone was able to
accomplish the given tasks and to repeat the algorithms steps by themselves. Thus,



since this method can be used to teach both visually impaired and sighted students, it
could be successfully used in inclusive classes as well.

The major limitation of our experiment is the small sample size of test groups.
However, the focus of our research was to examine if the proposed teaching method
could be feasible. Moreover, our method can be easily replicated, since it relies on a
few very simple tools that can be built via 3D printing. Our haptic models are simple
enough to be built by students and we suggest to let students to develop their tools:
students of I.S.1. Fermi were highly motivating in using the tools they had made, even
in elementary tasks, such as swapping cylinders. Anyway, STLs of our models could
be shared in order to allow anybody to use them without the need of modelling them.

In the future, we plan to evaluate our method in a realistic case study with inclusive
mainstream classes. We also plan to adapt it to other data structures, such as graphs
and trees in order to cover all topics of high school computer science curriculum.

Acknowledgements. We would like to thank I.S.I. Fermi, 1.S.1. Pertini, U.S.P. Lucca
and FabLab Toscana for their support in developing the proposed models.

References

1. Antle, A. N., Droumeva, M., & Ha, D.: Thinking with hands: an embodied approach to the
analysis of children's interaction with computational objects. In: CHI'09 Extended Ab-
stracts on Human Factors in Computing Systems (pp. 4027-4032). (2009)

2. Braier, J., Lattenkamp, K., Réthel, B., Schering, S., Wojatzki, M., Weyers B.,: Haptic 3D

Surface Representation of Table-Based Data for People With Visual Impairments. In:

ACM Transactions on Accessible Computing (TACCESS), v.6 n.1, pp. 1-35 (2015).

Braille Translation Software, http://www.indexbraille.com/en-us/support/braille-editors

4. Buehler, E., Easley, W., McDonald, S., Comrie, N., Hurst, A.: Inclusion and Education:
3D Printing for Integrated Classrooms. In: Proceedings of the 17th International ACM
SIGACCESS Conference on Computers & Accessibility (ASSETS '15). pp. 281-290
(2015)

5. Buehler, E., Kane, S. K,. Hurst, A.: ABC and 3D: Opportunities and Obstacles to 3D Print-
ing in Special Education Environments. In: Proceedings of the 16th international ACM
SIGACCESS conference on Computers, pp. 106-114 (2014).

6. Califf, M. E., Goodwin, M. M., Brownell, J.: Helping him see: guiding a visually impaired
student through the computer science curriculum. In: Proceedings of the 39th SIGCSE
Technical Symposium on Computer Science Education, pp. 444-448 (2008).

7. Capovilla, D., Krugel, J., Hubwieser, P.: Teaching algorithmic thinking using haptic mod-
els for visually impaired students. In: Learning and Teaching in Computing and Engineer-
ing (LaTiCE), pp. 167-171 (2013).

8. Dickson, S.: Creating tactile captions in three-dimensional computer-aided design and
manufacturing. In: Rapid Prototyping Journal Volume 11, Issue 5, pp. 293-297 (2005).

9. Francioni, J. M., Smith, A. C.: Computer science accessibility for students with visual dis-
abilities. In: Proceedings of the 33rd SIGCSE Technical Symposium on Computer Science
Education, pp. 91-95 (2002)

w


http://www.indexbraille.com/en-us/support/braille-editors

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

Horowitz, S. S., Schultz, P. H.: Printing Space: Using 3D Printing of Digital Terrain Mod-
els in Geosciences Education and Research. In: Journal of Geoscience Education, Vol. 62,
No. 1, pp. 138-145 (2014).

Hurst, A. and Kane, S,: Making "making" accessible. In: Proceedings of the 12th Interna-
tional Conference on Interaction Design and Children (IDC '13), pp. 635-638 (2013)

Jafri, R., and Ali, S. A.: Utilizing 3D Printing to Assist the Blind. In: The 2015 Interna-
tional Conference on Health Informatics and Medical Systems (HIMS'15), pp. 55-61
(2015)

Kaliakin, D. S., Zaari, R. R., Varganov, S. A.: 3D Printed Potential and Free Energy Sur-
faces for Teaching Fundamental Concepts in Physical Chemistry, In: Journal of Chemical
Education, Vol. 92, No. 12, pp 2106-2112 (2015)

Kane, S.K., Bigham, J.P.: Tracking @stemxcomet: Teaching programming to blind stu-
dents via 3D printing, crisis management, and Twitter. In: Proceedings of the 45th ACM
Technical Symposium on Computer Science Education, pp. 247-252 (2014).

Kostakis, V., Niaros, V., Giotitsas, C., Open source 3D printing as a means of learning: An
educational experiment in two high schools in Greece. In: Telematics and Informatics 32
(1), pp. 118-128 (2014).

Librarylyna, http://www.librarylyna.com/

Lumi Industries Text To 3D Braille Converter, available at:
http://www.lumindustries.com/lumi-industries-cares

Masilko, L., Pecl, J.: Making Graph Theory Algorithms Accessible to Blind Students. In:
Proceedings 14th ICCHP Paris 2014, Series Springer Lecture Notes in Computer Science,
Volume 8547, Number |, 549-556 (2014).

McDonald, S., Dutterer, J., Abdolrahmani, A. Kane, S.K., Hurst, A,: Tactile aids for visu-
ally impaired graphical design education. In: Proceedings of the 16th international ACM
SIGACCESS conference on Computers & accessibility, pp. 275-276 (2014).

Mikulowski, D., Brzostek-Pawlowska, J.: Problems encountered in technical education of
the blind, and related aids: Virtual cubarythms and 3D drawings. In: IEEE Global Engi-
neering Education Conference, EDUCON 6826223, pp. 995-998 (2014).

Robertson, M. J, and Jorgensen, W. L.: Illustrating Concepts in Physical Organic Chemis-
try with 3D Printed Orbitals. In: : Journal of Chemical Education, Vol. 92, No. 12 , pp
2113-2116 (2015)

Rodney, P.: Does inclusion of visually impaired students work? - What are the pitfalls of
inclusion?. In: ICEVI European Newsletter Issue 48, Volume 17 number 3 (2011),

Rossi, S.; Benaglia, M.; Brenna, D.; Porta, R.; Orlandi, M.: Three Dimensional (3D) Print-
ing: A Straightforward, User-Friendly Protocol To Convert Virtual Chemical Models to
Real-Life Objects. In: Journal of Chemical Education, Vol. 92, No. 8, pp. 1398- 1401
(2015)

Scalfani, V. F.; Vaid, T. P.: 3D Printed Molecules and Extended Solid Models for Teach-
ing Symmetry and Point Groups. In: Journal of Chemical Education, Vol. 91, No. 8, pp.
1174-1180 (2014)

UN General Assembly, “Convention on the Rights of Persons with Disabilities : resolution
/ adopted by the General Assembly”, 24 January 2007, A/RES/61/106, available at:
http://www.refworld.org/docid/45f973632.html [accessed 31 January 2016]

Vita, A.C., Kataoka, V.Y.: Blind students' learning of probability through the use of a tac-
tile model, Statistics Education Research Journal 13 (2), pp. 148-163 (2014).

Wintalbra, http://www.spazioausili.net/wintalbra

Yajima, M., Toshimitsu Y., and Tetsuya W.: Tactile Star Wheel for Visually Impaired Ob-
servers. In: Proceedings of Universal Learning Design, (2014)


http://www.spazioausili.net/wintalbra

