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Abstract
This research presents a novel low-cost pedagogical
environment oriented to ease the use experiential learning
methods for training on image-guided robotic surgery
technologies. The environment proposes a simplified
surgical simulation use case: the movement of insertion
and extraction of a needle, similar to an image-guided
biopsy situation. The training environment is composed
of a 3D-printed phantom, a CT scan of the phantom, a
virtual reality environment that includes haptic informa-
tion, an ad hoc 1 degree of freedom (DOF) robotic system
for insertion/extraction and a Novint Falcon, a low cost 3
DOF manipulator that allows achieving haptic feedback.
A first pilot experience has been carried out in the
“Surgical Simulation and Planning” course of the Bach-
elor of Biomedical Engineering at Universidad Politéc-
nica de Madrid (UPM). Results of the surveys carried out
(by teachers and learners) show that the new
project-based methodology improves in all cases the

values of student’s satisfaction obtained using the clas-
sical methodology based on master classes and practices.
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1 Motivation

Image-guided surgery (IGS) is any surgical procedure where
the surgeon uses tracked surgical instruments in conjunction
with preoperative or intraoperative images and virtual
models in order to indirectly guide the procedure. Robotic
surgery or robot-assisted surgery (RAS) are terms for tech-
nological developments that use robotic systems to aid in
surgical procedures. In case of RAS, instead of directly
moving the surgical instruments the surgeon uses a
tele-manipulator for remotely controlling them.

Courses related to IGS and RAS taught in the degrees and
masters of biomedical engineering of the Universidad Poli-
técnica de Madrid (UPM) have had a theoretical approach
until now. Pedagogical methodologies applied involved
theoretical sessions and master classes in which the knowl-
edge that the learners have to acquire is presented. In the best
scenario, guided practical sessions are carried out in which
learners can observe the results of applying that theoretical
knowledge to a specific simulated case. On the contrary,
experiential learning [1] allows the students to direct their
own learning process, increasing their commitment and
motivation through a team-based research methodology.

However, the high cost of real IGS and RAS environ-
ments makes them inaccessible for biomedical engineering
training. Thus, this research presents a new methodology
and a novel low-cost pedagogical environment for increasing
learners’ motivation and autonomy, giving them an active
role during their didactic process and based on experiential
training methods. The environment proposes a simplified
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surgical simulation use case: the movement of insertion and
extraction of a needle, similar to an image-guided biopsy
situation.

2 Design of the Pedagogical Environment

The training environment is composed of the following
systems:

• 3D-printed physical phantom from which CT medical
images are obtained and serves as the basis for creating
3D virtual models. This helps students understand the
role of medical images, as well as their processing and
analysis, in IGS and RAS.
The material of the phantom has to be suitable for the
selected medical imaging modality, CT in our case.
Furthermore, the 3D-printed phantom: (1) must have
holes through which the instruments are inserted; (2) in-
side the phantom, there should be objects with different
mechanical properties to understand the role of haptic
information in the surgical intervention; (3) it should be
filled with a viscous medium that simulates tissue and
interstitial fluid and (4) it can have a simple geometry,
since the aim is not to achieve a realistic model of the
human body but to transmit the basic concepts of a
simulation to engineering learners.

• A virtual reality software tool in which virtual models
are presented (tissues and surgical tools). The software
tool must fulfill several features to cover the needs of the
final environment: (1) loading and viewing of medical
images; (2) image processing, more specifically seg-
mentation; (3) creation and visualization of virtual
models; (4) user interaction with the models; (5) collision
detection; and (6) haptic feedback.

• Robotic system which allows learners to connect the
virtual events in the software tool to the physical world,
so they can learn the key issues of the RAS.
The EDUCIR robotic system is a 1 DOF robot for
insertion/extraction of the needle. User interaction must
be done through a haptic device with at least 1 DOF. This
device must be compatible with the virtual reality system
that will broadcast the information about forces.

3 Results and Discussion

The phantom is formed by an assembled rectangular box
built by 3D printing using PLA. Dimensions are 140 � 210
� 140 mm (width, depth and height). In addition, inside the
phantom, circular notches of 10 mm diameter are available
every 30 mm, where the objects that are inserted inside the

box are fitted. As objects, there are different geometric
shapes (cube, sphere and cylinder) and materials (PLA, cork,
wood and polypropylene) and (see Fig. 1, left) visible in the
CT image as different Hounsfield levels.

There are different software tools that cover the needs of
medical image visualization and processing, including the
creation and visualization of virtual models. Some of them
allow user interactions beyond a simple change of perspec-
tive in the visualization of objects. However, the authors
have not found any software tools that include the above
features and the collisions detection and haptic feedback. For
this reason, two independent tools have been selected, one
associated with the visualization and processing of medical
images and another associated with the simulation of virtual
reality. For acquiring the virtual models 3DSlicer [2, 3] is
used and the virtual reality simulation is developed using
Chai3D [4, 5], an open-source and multiplatform program-
ming environment designed to integrate real-time tactile
sensing, visualization and interactive simulation. This envi-
ronment, developed in C++, allows the student to understand
the basic concepts related to visualization (cameras use,
lights, textures, etc.), simulation and collision management,
haptic feedback and interaction (using keyboard, mouse or
haptic devices).

The 1 DOF robotic system is formed by a motor that
moves a needle along a single axis. The motor is controlled
by an Arduino microcontroller connected to the simulation
environment. In this way, the movement of the haptic device
results in insertion/extraction of the needle. The base of the
robot is fixed in the environment, while the phantom can be
manually moved so the needle is inserted through one of the
nine access points (see Fig. 2).

As a haptic feedback device, a low-cost commercial
system, Novint Falcon (Novint Technologies, Inc.) has been
selected (see Fig. 3). Novint Falcon is compatible with
Chai3D and its integration with it does not require any
additional development. This device has 3 DOF, so the
associated Chai3D controller has been modified so that only
movements on the insertion axis are transmitted.

Fig. 1 (Left) Phantom and (Right) visualization example of the virtual
models
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A proof of concept has been carried out in the “Surgical
Simulation and Planning” course of the fourth year of the
Bachelor in Biomedical Engineering of the UPM. The
course has been designed following the concept of
project-based learning (PBL), where learners have worked in
small groups (four members) over a semester in the real-
ization of their own simulator.

Learners initially received the DICOM images of the
phantom with an unknown distribution of the internal

elements. Students created the 3D models and exported them
to their own application made in Chai3D. Later, students
need to reconstruct the phantom distribution in order to
create the experimental stet-up. After this, a Novint Falcon
was given to each group. A robotic system was also given
but it did not respond to the movements of the haptic device.
The learners had to relate the movements of the Novint
Falcon with the behaviour of the motor and make the reg-
istration between the virtual world and the real one. All the
groups were able to deliver an original and unique functional
simulation application that integrated all the necessary
components.

In order to have a first evaluation of the proof of concept,
the survey of the teaching activity was used. Table 1 shows
the average values of some of the questions analyzed. In
general, the values obtained by the new methodology
improve in all cases the results using the classical method-
ology based on master classes and practices. This improve-
ment is significantly increased if we compare the first edition
of the course in which each of the methodologies was
applied.

As shown in the table, students support the change made
regarding tasks and learning outcomes, the evaluation
methodology, the skills acquired and the learner’s partici-
pation in the development of the subject. In most cases, the
difference is near the half a point on a scale of 1–5.

4 Conclusions

Traditional methodologies based on master classes and
practices for training IGS and RAS concepts are being
replaced by others that encourage learners’ motivation and
autonomy. This work presents a new methodology and a
novel low-cost pedagogical environment based on experi-
ential learning methods for training on technologies for both
surgical concepts. A proof of concept has been carried out in
the Bachelor in Biomedical Engineering of UPM. Results of
the surveys carried out (by teachers and learners) show that
the new project-based methodology improves in all cases the

Fig. 2 EDUCIR robotic system and its integration within the training
environment

Fig. 3 Novint Falcon, in foreground, with the robotic system and the
phantom in background

Table 1 Results of the survey (max. score 5)

Question Classical methodology PBL

First edition Last edition First edition

The planned tasks are aligned with the learning guide 3.36 3.36 4.23

Evaluation methods are well aligned with the type of tasks 2.95 3.60 4.20

I have improved my starting level, in relation to the competences foreseen in the program 3.59 3.79 4.24

The teacher incentives the participation of the learner during the lessons 3.45 3.68 4.16

In general, I am satisfied with the teaching activity of the teacher 3.50 3.78 4.10
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values of student’s satisfaction obtained using the classical
methodology based on master classes and practices.
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