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Abstract

Effective, real-time training of health care professionals in invasive procedures is a

challenging task. Furthermore, assessing in practice the acquisition of the dexterity

and skills required to safely perform such operations is particularly difficult to per-

form objectively and reliably. The development of virtual reality (VR) simulators

offers great potential toward these objectives, and can help bypass some of the

difficulties associated with classical surgical training and assessment procedures. In

this context, we have developed a prototype VR simulator platform for training in a

class of invasive procedures, such as accessing central vessels. This paper focuses

more particularly on a pilot study treating the specific application case of subclavian

vein paracentesis. The simulation incorporates 3D models of all the human anatomy

structures involved in this procedure, where collision detection and response algo-

rithms are implemented to simulate most of the potential complications in accor-

dance with the situations encountered in real clinical practice. Furthermore, haptic

display is integrated using a typical force feedback device providing the user with a

sense of touch during the simulated operations. Our main objective in this study

was to obtain quantitative evaluation results regarding the effect of haptic display on

performance. Two user groups participated in the study: (I) novice users and (II)

experienced surgeons. The system automatically provides quantitative assessment

scores of users’ performance, applying a set of objective measures that also involve

the optimality of the needle insertion path and indicators of maneuvering errors.

Training and skill assessment performance of the system is evaluated in a twofold

manner, regarding respectively: (a) the learning curve of novice users, and (b) the

correlation of the system-generated scores with the actual surgical experience of

the user. These performance indicators are assessed with respect to the activation

of the haptic display and to whether this has any beneficial effect (or not). The ex-

perimental findings of this first pilot study provide quantitative evidence about the

significance of haptic display, not only as a means to enhance the realism of the

surgical simulation, but especially as an irreplaceable component for achieving objec-

tive and reliable skill assessment. Further larger-scale and long-term clinical studies

are needed to validate the effectiveness of such platforms for actual training and
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dexterity enhancement, particularly when more complex
sensorimotor skills are involved.

1 Introduction

The barrier between theoretical knowledge and
clinical performance is probably the biggest problem as
far as the education of medical doctors and nursing pro-
fessionals is concerned. Efficient clinical training of
health care professionals constitutes undoubtedly a very
difficult task, which is nowadays primarily based on the
close supervision and monitoring by a specialist trainer,
on the patient’s consent, but also under suitable general
conditions; a combination of factors which is not always
attainable since the main and primary concern always
remains, that of treating the patient in the best possible
way. All these remarks highlight the inherent difficulties
of providing efficient training for practicing in specific
clinical environments, such as the Emergency Room or
the Intensive Care Unit, where the ultimate degree of
dexterity together with real-time clinical skills are
needed. The timely and persistent adaptation of the
trainee medical doctor from the theoretical education
field to the clinical hands-on practice in the real hospital
environment, constitutes undoubtedly a great challenge
and a primary educational objective in the Health Sci-
ences. Training on cadavers, which is still used today
after over a century of practice, is not always adequate
to cover other than special needs, not always of primary
importance in surgical education and training. The use
of animals constituted an attractive solution for decades,
but for obvious reasons related to human ethics and
evolving legislation issues, as well as due to the need for
important investments in terms of the related infrastruc-
ture, this solution has been practically abandoned. The
experience obtained from the application of flight-
simulation systems for the training of pilots, in an appli-
cation environment that resembles in a way the field of
clinical practice (in terms of the need for rapid complex
data evaluation and critical decision making) has more
recently increased interest in the use of virtual reality
(VR) technologies in the medical education field
(Burdea & Coiffet, 2003).

The research work described in this paper is carried
out in the frame of a larger-scale research project aiming
to develop a computer-based educational platform to
provide training on the procedures and operations in-
volved in an emergency room (ER) environment. Oper-
ating in ER requires complex clinical skills involving: (a)
rapid decision making, and (b) manual dexterity and
sensorimotor abilities, both (a) and (b) under hard time
constraints. In this context, we have developed a prototype
VR-based simulation platform for a class of invasive opera-
tions that are very often needed in ER clinical settings.

The work presented in this paper focuses particularly
on the first pilot study conducted using this system. To
systematically evaluate the performance of the system, a
specific clinical case has been implemented during this
study, emulating a particular surgical technique used to
perform paracentesis and obtain central access on a deep
vessel, namely the subclavian vein. Subclavian vein para-
centesis is one of the most common procedures in clini-
cal practice and is often involved in the treatment of
patients in an ER situation. This operation is particularly
difficult to learn, and requires a combination of visual
and haptic skills in order to identify the needle insertion
point, and to control the needle position and orienta-
tion during penetration. To incorporate the “sense of
touch” in the simulator, a haptic interaction system has
been developed coupling the VR-based simulation en-
gine with a typical desktop force-feedback device (a
PHANToM Desktop device). The challenges addressed
at this stage are twofold: (i) from a technical point of
view, to achieve a trade-off between realism (accuracy of
the physically based dynamic simulation) and real-time
performance necessary particularly for a stable haptic
interaction with the system; (ii) from an educational and
human-factors point of view, to conduct evaluation
studies in order to identify the critical factors affecting
the performance of the system in terms of clinical skill
training and assessment. The latter constitutes the focus
of the work presented in this paper.

1.1 Background

Over the last ten years, a number of virtual reality
based medical simulators have been developed for train-
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ing in specific surgical procedures. Attractive application
fields include minimally invasive surgery (MIS, e.g.,
Kühnapfel, Çakmak, & Maasz, 2000) and endoscopy
procedures (e.g., Baur, Guzzoni, & Georg, 1998), also
called keyhole procedures. Laparoscopy trainers (such as
the MIST-VR trainer, e.g., Sutton et al., 1997) and ar-
throscopy simulators (e.g., Heng et al., 2004) consti-
tute typical application scenarios. Real-time simulation
of open surgical procedures poses significant technical
challenges, and only some simple application examples
have recently begun to appear, involving specific surgi-
cal procedures, such as anastomosis and wound suturing
(e.g., Webster, Zimmerman, Mohler, Melkonian, &
Haluck, 2001). Developing complete open surgery sim-
ulators still remains a distant target.

In this context, our research work reported in this
paper explores the application of VR and, particularly,
haptics technologies in a specific class of invasive opera-
tions that involve paracentesis and catheterization of
deep vessels to obtain central vascular access. There exist
a few research efforts reported in the literature aiming
to develop simulators for specific paracentesis proce-
dures, such as a lumbar puncture simulator (Gorman,
Krummel, Webster, Smith, & Hutchens, 2000), an am-
niocentesis simulator (Zhang, Payandeh, & Dill, 2003),
or an abdominal paracentesis simulator (Frisoli et al.,
2004). Most of these works focus on the technological
challenges that have to be addressed to develop efficient
surgical VR simulators. A few other research efforts fo-
cus on developing models for “needle insertion into soft
tissue” procedures, such as the force model presented in
Okamura, Simone, and O’Leary (2004), or the relevant
soft tissue deformation models based on finite element
methods (DiMaio & Salcudean, 2003; Nienhuys & van
der Stappen, 2003).

Such models constitute a necessary step toward the
development of efficient simulators for needle insertion
operations, particularly when interactive simulation with
haptic display is to be involved. The term “haptic” de-
rives from the Greek word “���́ ” and refers generally
to the sense of touch. This is usually divided into two
main sensory modalities (Burdea, 1996): (a) kinesthesis,
which includes perception of muscular effort as well as
proprioception, and (b) tactile sense, which provides

cutaneous information related to contact between the
skin and the external environment, thus enabling the
perception of physical properties such as the surface
characteristics of touched objects (texture, tempera-
ture, etc.). The integration of haptic interaction mo-
dalities in virtual reality systems means providing the
user of a virtual environment with all (or part of)
these sensations that are involved when touching, ex-
ploring, or manipulating virtual objects (Tzafestas,
2003). Integrating such sensorimotor functionalities
and skills, particularly within medical (and especially
surgical) VR-based simulation systems, poses extraor-
dinary challenges for researchers and engineers in the
field.

1.2 Research Objectives—Aim

The main objective of the work presented in this
paper is to study the effect that a haptic display compo-
nent can have on the performance of a VR-based surgi-
cal simulator. Performance of such a system needs to be
assessed in a twofold way: (i) as a training tool, aiming
to help users safely acquire and enhance specific surgical
skills and dexterities, required to successfully perform
critical invasive procedures, prior to any real hands-on
clinical practice, and (ii) as a skill assessment (and poten-
tially accreditation) tool, on the basis of objective met-
rics and computer-generated scores (i.e., with no sub-
jective human intervention).

To evaluate the performance of a VR simulator as a
training tool, long-term clinical studies are needed to
assess any actual improvement of surgical skills in real
operations. However, an initial proof-of-concept on the
efficiency of such VR simulation techniques can be es-
tablished by evaluating the performance of the system as
a skill assessment tool. Objective assessment of psy-
chomotor skills related to an invasive procedure is un-
doubtedly a very difficult task, due to the inherent diffi-
culties associated with a qualitative and/or quantitative
measurement of surgical skills and dexterities in vivo.
Developing procedures and techniques to reliably per-
form such objective and real-time skill assessment is now
becoming a priority in the medical sector. It is consid-

214 PRESENCE: VOLUME 17, NUMBER 2



ered that VR-based simulation technologies can play a
significant role in this direction.

Most of the existing research efforts (such as the ones
referenced in the previous section) focus on the techno-
logical challenges that have to be addressed to develop
efficient VR surgical simulators. However, there exist
very few results reported in the literature that provide
objective and measurable evaluation data on the perfor-
mance of such systems, particularly with respect to the
effect of haptic display as a sensorimotor, interactive
simulation component. Most of these works focus on
specific tasks such as controlling surface puncture during
a simple one degree-of-freedom haptic needle insertion
task, like for instance in Gerovich, Marayong, and Oka-
mura (2004). Our research work is substantially differ-
ent in that it covers a more complete surgical procedure,
an invasive technique for specialized paracentesis opera-
tions, which requires composite surgical skills and man-
ual dexterity to perform (as opposed to, e.g., a simple
needle insertion task, which in fact constitutes the very
first step of the initial phase of a complete paracentesis
operation). Our goal was to study such a skill as a
whole, and assess the beneficial effect (if any) of haptic
display in the simulator. The assessment metrics that we
used cover a variety of performance indicators, including
both speed and surgical precision, as well as safety of
operation in terms of the risk for potential complica-
tions, in accordance to real operating conditions.

The paper is organized as follows: Section 2 presents
an overview of the application requirements and the
technical aspects of the various system components.
Some of the implementation techniques employed to
develop the prototype simulator are briefly discussed,
including visualization and haptic display features. The
pilot evaluation study is described in detail in Section 3.
This includes the methodology employed, the objective
metrics used, and the results obtained. These results are
analyzed with respect to our research hypotheses re-
garding training and skill assessment, as well as in rela-
tion to the effect of haptic display on the performance
of the system. Section 4 provides conclusive remarks
and future work directions, both from a technical and
experimental evaluation perspective.

2 The VR Paracentesis Simulation System
with Haptic Display

2.1 General Description—Platform
Architecture

The core of the first prototype simulation system
is composed of a virtual patient with “visible” anatomic
landmarks and “touchable” anatomic areas of interest.
The user can: (a) orient the puncture device on a 3D
anatomic space and select the puncture site, and (b) feel
the haptic equivalent produced during the insertion
through the anatomic layers, as well as during contact
with clavicle and thorax.

Figure 1 depicts the overall architecture of the proto-
type platform, showing the two main subsystems with
their functional modules, which are:

1. The visualization engine, which includes all soft-
ware routines for stereoscopic visualization and
interaction with the virtual patient 3D models. Its
main modules include:

● A database of virtual anatomical models, which
includes 3D surface representations of textured
skin, arterial/venal trees, lungs, and bones of the
human body, as well as models of surgical instru-
ments (in our case the needle parts),

Figure 1. Overall architecture of the virtual simulation platform

integrating haptic display.
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● Stereoscopic 3D graphics rendering routines, in
our case implemented using OpenGL,

● Collision detection routines, to detect in real
time the contact point and intersection between
the manipulated surgical instrument (needle) and
the human anatomy models in VR space, and

● Interactive simulation routines for soft tissue de-
formation (in this case, human skin deflection
during needle insertion), and implementation of
a dynamic remeshing algorithm using a level-of-
detail technique.

2. The haptic display engine, which includes:

● Fast implementation of force computation mod-
els, based on local contact geometry approxima-
tions, and

● Haptic interaction, force feedback, and control
routines; in the first prototype platform, the sim-
ulator is coupled with a generic force-feedback
PHANToM Desktop device from SensAble
Technologies (http://www.sensable.com/), in-
terfaced using the Ghost API.

2.2 Interactive 3D Visualization Engine

Figure 2 shows two screen snapshots of the virtual
paracentesis simulation, including 3D renderings of the
human skin in solid and alpha-transparency mode (with
visible bony structures, lungs, and part of the vascular

tree involved in the considered paracentesis operation).
In the current simulator configuration, the system con-
tinuously monitors the trajectory of the needle, and its
intersection with the surface of the skin and inner or-
gans, to enable the automatic computation of perfor-
mance evaluation measures based on the simulation of
all potential complications in accordance with the situa-
tions that may be encountered in the real clinical set-
ting, as will be described more in detail later in this pa-
per.

The first step in achieving a visually realistic and phys-
ically accurate paracentesis simulation is to develop
models for the deformable tissues and anatomical struc-
tures of the human body involved in this invasive proce-
dure. Elastic deformation modeling of soft tissues is a
wide research area in the field of 3D computer graphics
and animation, with many applications particularly in
VR-based systems. The two most widely employed ge-
neric methodologies are based on: (a) mass-spring mod-
els, where the deformable object is modeled as a lattice
of point masses interconnected by spring/damping ele-
ments; and (b) finite element (FE) models, which are
based on the discretization of a continuum elasticity
model (Gibson & Mirtich, 1997).

The use of FE models is typically preferred for surgi-
cal simulation applications (Bro-Nielsen, 1998; DiMaio
et al., 2003), mainly because these models are tuned

Figure 2. Virtual paracentesis simulation snapshots: (a) solid and (b) alpha-transparency rendering.
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more intuitively than mass-spring nets. However, to
enable real-time interaction with 3D FE models, long
preprocessing steps are required, imposing additional
constraints related to shape changes and deformation
limits. The use of “intelligent model simplifications” for
particular applications may overcome these problems in
a task-specific context. In this framework, we have de-
veloped a simplified 2D (planar) finite element model to
simulate deformation of the skin under point load.
More details on this approach can be found in Tzafes-
tas, Koumpouros, and Birbas (2004a, 2004b). It must
be pointed out here, though, that in the pilot study pre-
sented in this paper, visual rendering of the skin defor-
mation during needle insertion was disabled, in order to
eliminate any force-substitution effects that this may add
to the interactive simulation (since our focus in this
study, as will be more clearly described in the rest of the
paper, was on the effect of a direct haptic component).

Another important issue here is real-time collision
detection between moving objects in the virtual scene.
In the first prototype platform used during the pilot
study of this paper, the necessary routines have been
implemented based on the “ColDet” 3D collision de-
tection library for generic polyhedra, which is freely
available on the Web.1 The 3D surface models of the
human body (outer skin), as well as those for the differ-
ent anatomical structures (inner organs) involved (venal
tree, muscle groups, lungs, and bony structures), are
adapted from commercially available 3D models of hu-
man anatomy,2 which are imported in an OpenGL/
GLuT application using a specially developed loader for
obj (standard ascii) formatted files (for portability rea-
sons).

2.3 Haptic Display

The most important issue in a haptic display sys-
tem is undoubtedly that of achieving an optimal trade-
off between two, often contradictory, requirements:
transparency and stability. The first one is related to the

realism of the simulation and the physically-based accu-
racy of the forces displayed to the user, which calls for
complex and usually computationally expensive models.
The second requirement calls for efficient calculations
and real-time fast control loops to ensure a stable force-
reflecting interaction. The main bottleneck in this re-
spect is the visualization loop, performing all the neces-
sary computations regarding collision detection, contact,
and deformation modeling within the 3D graphics envi-
ronment. These procedures all together usually run at a
20–30 Hz frequency, which is definitely a very slow
update rate with respect to the real-time control re-
quirements. The force feedback control loop usually
operates in a separate thread at 1 KHz or more. How-
ever, this fast control rate is in fact not exploited, if all
critical updates for force-feedback computation (contact
location, deformation data, etc.) are directly coming
from a slow graphics loop. Similar to the effect of a ze-
ro-order hold in any control system, this delay in ob-
taining new critical information updates may cause un-
desirable chattering or even instability, particularly when
simulation of hard contact is involved.

All these problems are now very well known in the
haptics research community, and several solutions have
been proposed, most of them related to the application
of some type of a virtual coupling (instead of a hard di-
rect force/position interconnection) aiming to improve
stability of interaction between haptic master and virtual
simulation environment, for example, Colgate, Stanley,
and Brown (1995) and Mahvash and Hayward (2005).
It is needless to say, though, that such a soft coupling
between any master and slave system may deteriorate
the transparency of the system and, in our case, signifi-
cantly decrease the realism of the simulation with re-
spect to the haptic skills involved in the specific simu-
lated procedure.

In this respect, we have decided to employ, instead, a
local geometry approximation technique, decoupling
the haptic display computations from the visualization
engine, for the particular case of a needle in contact
with specific anatomical structures (such as the flat-type
human skin or the cylindrical-type clavicle bone). Feel-
ing these constraints through the sense of touch (partic-
ularly the hard haptic constraint invoked by the pres-

1http://photoneffect.com/coldet/.
2For the time being, we use models available at http://www.

cacheforce.com.
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ence of the clavicle bone above the needle track), by
means of the forces exerted on the manipulated needle,
is considered as the most important part of the manual
skill involved in performing paracentesis of the subcla-
vian vein. Ensuring efficient computations and fast up-
dates was considered of primary importance, even if it is
to the disadvantage of the accuracy of the geometrical
representations used in force feedback. This was also
subsequently validated during experimental trials
through qualitative assessments performed by experi-
enced surgeons. Such local force models, or lineariza-
tion techniques, have also been proposed in other simi-
lar contexts, for example, in Kim, Otaduy, Lin, and
Manocha (2003). Of course, different approximation
models need to be applied for different simulation sce-
narios, also keeping in mind the particular requirements
of the haptic skills involved in each specific application.

Regarding now the needle reaction forces applied by
the skin along the needle insertion direction, we assume
inhomogeneity characteristics in depth (stiffness coeffi-
cients increasing with the deformation magnitude u),
resulting in a nonlinear stiffness coefficient that follows
a typical exponential formula:

K � K0�em�u�u0� � 1� � Kmin �u � u0�

This term is used to model the instantaneous elas-
tic component of force response for soft tissues exhibit-
ing viscoelastic behavior (such as human skin) under
compressive loads. The variable u0 is the value of small
deformation below which (i.e., when u � u0) stiffness is
experimentally observed to have a minimum constant
value Kmin. The terms K0 and m are constants that can
be determined from available experimental data. Fol-
lowing the experimental analysis reported in the study
of Pawluk and Howe (1999), who validated a similar
exponential model for the specific case of human finger-
pad deformation under flat-plate loading, we have set
parameter m to a value of 2 mm�1 (which corresponds,
in fact, to the mean value of m obtained from the exper-
imental data reported in the aforementioned study),
with K0 scaled down appropriately to a value of K0 �

0.01 N/mm (since we treat the case of a point load in-
stead of a flat-plate load). This gives a force response of

approximately 5 g for 1 mm indentation. These values
should increase empirically by a factor of approximately
2 and 4 for line and flat plate loading, respectively.
These results are also consistent with data presented in
Dandekar, Raju, and Srinivasan (2003).

This model is applied until the needle punctures the
skin surface, which is simulated to occur when the nor-
mal force (or equivalently the skin deformation) exceeds
a (variable) threshold. When this occurs, the second
phase of the paracentesis procedure is initiated, which
involves (as will be described more in detail in the fol-
lowing section) needle reorientation and insertion into
subcutaneous tissues toward the deep vessel. In this
case, the applied force is computed as a sum of: (a) a
variable viscosity term for the normal force, to simulate
the penetrating motion of the needle through various
underlying tissue layers, (b) a linear stiffness term for
tangential reaction forces from the skin, and (c) a reac-
tion force component from rigid contact of the needle
with bony structures, which in this paper involves a
model of the clavicle bone, as discussed above. Local
geometry approximation techniques are also applied to
speed up force computation, as already mentioned
above, and involve: (a) a planar model for needle-skin
interaction, and (b) a cylindrical local model to simulate
the needle-clavicle interaction. More details on the force
computation models can be found in Tzafestas et al.
(2004b). In the rest of the paper we focus on the first
pilot study conducted with this system, on the method-
ology employed and on the results obtained.

3 Pilot Evaluation Study: Methodology
and Results

To evaluate the effectiveness of a VR medical sim-
ulator as a training tool, long-term clinical studies are
required, especially if the goal to be assessed is the ca-
pacity of such a system to enhance users’ surgical skills.
Nevertheless, an initial proof-of-concept can be estab-
lished if we validate the reliability of such a system as a
tool, not directly for training and enhancing surgical
skills, but for objectively assessing the clinical skill and
dexterity of the user. Indeed, performance evaluation in
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terms of objective skill assessment can provide an initial
indication about the effectiveness of such simulation
techniques in practical use.

The objective assessment of the psychomotor skills
required to perform an invasive procedure in a real clini-
cal setting is a very difficult task due to the inherent
measurement difficulties associated with evaluating skills
and dexterities in vivo. Developing procedures and tech-
niques to reliably perform such objective and real-time
skill assessment is now becoming a priority in the medi-
cal sector. In this context, there is now an emerging
body of evidence to establish the validity of simulation
techniques for assessing surgical skills (Aucar, Groch,
Troxel, & Eubanks, 2005; Acosta & Temkin, 2005;
Moody, Baber, Arvanitis, & Elliot, 2003), such as, for
instance, studies demonstrating the effectiveness of the
MIST-VR laparoscopic simulator (Gallagher, McClure,
McGuigan, Crothers, & Browning, 1999; McNatt &
Smith, 2001).

This section focuses on the first pilot study conducted
with the virtual paracentesis system presented in this
paper, and describes the metrics defined to objectively
assess user performance, as well as the methodology em-
ployed and the results obtained.

3.1 Objective Metrics for Surgical
Dexterity and Skills Assessment

In today’s clinical practice, there are no specific
objective evaluation measures to assess reliably the per-
formance and skill of a clinician; evaluation is in fact
based principally on the actual final clinical outcome.
There is of course a correlation between the clinical out-
come (successful or unsuccessful result and clinical com-
plications) and the performance of the doctor, but not
in an absolute manner. Furthermore, to draw safe con-
clusions regarding the skill of a clinician in a specific
operation requires performing this operation in a suffi-
cient number of patients, and then analyzing the statis-
tics of the clinical outcomes. Therefore, to achieve our
objectives related to the computation of objective as-
sessment scores by the simulator, and conduct this pilot
study as specified, it was necessary to devise a procedure

to quantify performance of the user during the whole
simulated clinical act.

There are several surgical techniques used to perform
subclavian vein paracentesis (each one with its advan-
tages and disadvantages). For the purposes of this pilot
study, one specific technique, as described in surgery
textbooks, was selected and implemented consistently
throughout the study, to exclude any effect that surgical
technique variations can have on performance. Accord-
ing to this paracentesis procedure, a large-caliber needle
attached to a 12 ml syringe is introduced 1 cm below
the junction of the middle and the medial thirds of the
clavicle. After the skin has been punctured, with the
bevel of the needle upward, the needle and the syringe
are held parallel to the frontal plane. Then, the needle is
directed medially, slightly cephalad, and posteriorly be-
hind the clavicle toward the posterior, superior angle to
the sternal end of the clavicle (toward finger placed in
the suprasternal notch). The needle is slowly advanced
while the plunger of the syringe is gently withdrawing
until a free flow of blood appears in the syringe.

This technique was analyzed into two phases: (1) skin
puncture, and needle penetration along the normal di-
rection into an appropriate depth, and (2) needle reori-
entation, followed by the needle directed steadily to-
ward the deep vessel. A set of critical parameters were
defined in each step of the procedure, as a means to
evaluate a set of objective performance measures, which
include the following:

1. Indicators of major, safety-critical manipulation
errors that may lead to serious complications or
risk of injury to vital anatomical areas, within the
virtual surgical space,

2. Deviations from an optimal needle path including:
selecting the needle insertion point, as well as nee-
dle orientation in the venal access track,

3. “Economy of movements” measures, as an indica-
tor on the smoothness of needle motion, and

4. The total time needed to successfully complete the
simulated procedure.

The system continuously records, in real time, all
the above mentioned performance indicators, automati-
cally generating individual values as “penalty-marks” for
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each one of these score categories, as well as a total as-
sessment score, at the completion of each experimental
trial.

It must be pointed out here that the “optimal” nee-
dle insertion path, mentioned above, cannot be defined
in a unique way and depends on the specific surgical
technique employed to accomplish the operation. In
this pilot study, the subjects were instructed to perform
the simulated subclavian vein paracentesis employing
consistently the specific surgical technique described
above, in order to evaluate performance in a systematic
way (the simulator is of course general and can be used
to teach and assess any related surgical technique). An
important issue concerns, then, calibrating the system to
obtain a parametric model of this optimal needle inser-
tion path. For this reason, we conducted a set of train-
ing sessions where three experienced surgeons were
asked to reproduce this technique (in simulation) in a
sufficient number of times (at least 50 times each).
These trials were in fact used to train the system, that is,
to extract a statistical model of the critical parameters
for each phase of the procedure, including: (a) needle
insertion point and penetration depth, for the phase-1
of the procedure, and (b) needle orientation and direc-
tion along a line segment for the phase-2 of the proce-
dure. The data collected during these training sessions
were, thus, processed to define an optimal mean and
acceptable deviations for this parametric representation,
based on which subsequent computation of the respec-
tive objective assessment measures during the trial ses-
sions of the pilot study was performed. It must be noted
here that the surgeons who used the system to train the
skill-assessment module did not participate in the subse-
quent pilot evaluation study.

A partial snapshot of a sample log file generated by
the system is shown in Table 1, indicating the main

score values for two sample trials, with and without
force-feedback (FF � 1 and FF � 0, respectively),
where:

● USER_ID: the unique identification number of each
subject (user),

● COL_LUNG; COL_RIB; COL_ART; COL_VEIN:
the scores (penalty marks, or error indicators) re-
lated to unnecessary collisions (i.e., potential inju-
ries) with the following vital anatomical structures,
respectively: lungs, ribs and skeletal structure, arter-
ies, and subclavian vein, and

● TIME: completion time (successful, if SUCCESS �

1, unsuccessful if SUCCESS � 0).

To the above scores, we add the performance
measures related to:

● The “optimality of needle insertion track”:
PHASE_1 and PHASE_2, estimated as a static error
with respect to the optimal path, in terms of initiat-
ing the two phases of this procedure, where phase 1
corresponds to the accurate selection of the needle
insertion point, and phase 2 to the appropriate re-
orientation of the needle after insertion into the
correct depth, and

● The “economy of movement” indicators: ECON-
_MEAN and ECON_VAR, that is, mean value and
variance, respectively, of the continuously recorded
needle position and direction deviation with respect
to the approximate optimal path (parameterized
linear segment for phase 2 of the procedure).

All these performance measures are then weighted
together to obtain an overall (total) score indicator for
each performed procedure. The exact numerical values
for the weights used in the computation of the total

Table 1. A Partial Snapshot of a Sample Log File, with System Generated Scores

USER_ID FF COL_LUNG COL_RIB COL_ART COL_VEIN PHASE_1 PHASE_2 ECON_MEAN ECON_VAR TIME SUCCESS

1 1 0 0 0 1 6 0 18 27 31524 1

USER_ID FF COL_LUNG COL_RIB COL_ART COL_VEIN PHASE_1 PHASE_2 ECON_MEAN ECON_VAR TIME SUCCESS

8 0 0 25 0 9 4 982 12 51 157840 1
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score during the present pilot study are shown in Table
2. Regarding Time, for instance, a weight factor of 0.01
is used, meaning that a score value of, for example,
30,000 (that corresponds to 30,000 ms, i.e., 30 s com-
pletion time) will contribute to the final score the value
of 300. All other penalty values are normalized accord-
ingly with a corresponding weight factor, regarding
their considered significance to the successful outcome
of the procedure. In other words, an error correspond-
ing to a major complication risk (e.g., needle touching
a lung, with the risk of pneumothorax) is weighted
more than other false maneuvers considered by doctors
as minor in the course of the procedure (note that for
the PHASE_2 score value, a margin of acceptable be-
havior was considered close to the mean optimum,
leading to the definition of a nonlinearly increasing pen-
alty score, which was approximated by a three-margin
piecewise linear formula: if (�1000) weight �

0; elseif (�2000) weight � 0.2; else
weight � 0.4. The score values obtained this way
can then be seen, in fact, as normalized accordingly to
reflect an average equivalent cost in terms of successful
completion time (the choice made is of course empirical
and reflects the expert knowledge of the surgeons col-
laborating in the design of this pilot study). It must be
highlighted again that, since score values correspond in
fact to penalty marks (resulting from: (i) time elapsed to
successfully complete the procedure, and (ii) errors
committed, false maneuvers performed, or generally
suboptimal surgical manipulation), a higher obtained
score is an indicator of worse performance in the simu-
lated procedure.

In the rest of this section, we describe the experimen-
tal protocol and the procedures followed during the
pilot study, as well as the results obtained.

3.2 Pilot Study Methodology:
Experimental Protocol and Evaluation
Procedures

The pilot evaluation study was conducted with
two groups of users:

● Group I (novices): consisting of nursing graduates.
The subjects selected to participate in this group
should have no prior (direct or indirect) hands-on
experience on the specific clinical procedure (that is,
the subclavian vein paracentesis technique em-
ployed in this study), but with prior experience in
the use of a syringe for simple needle insertion pro-
cedures on the human body. The nursing graduates
selected to participate in group I of this study were
qualified according to the above requirements.

● Group II (experienced): consisting of trained sur-
geons, selected based on their recent (within the
last year) experience on this paracentesis technique
(more than 100 operations performed), and on
their qualification as trainers in such operations in
the surgical clinics where they work.

A total number of 20 (N) subjects participated in
this pilot study, 10 users in each group. Particular atten-
tion was paid to conduct the experimental procedures in
a very systematic way, consistently for all users through-
out this pilot study, in order to eliminate from the ob-
tained results any undesirable biasing effect that may be
due to reasons other than the controlled parameters’
variation. For this reason, we have also decided to dis-
able, during these controlled experiments, any interac-
tive virtual navigation features within the virtual pa-
tient’s simulated anatomical space. Instead, the
simulator interface allowed the user to selectively switch
between three prespecified fixed orthographic views of

Table 2. Numerical Values of Scoring Weights Used in the Metrics for Skill Performance Assessment

COL_LUNG COL_RIB COL_ART COL_VEIN PHASE_1 PHASE_2 ECON_MEAN ECON_VAR TIME

500 50 50 10 2 0.2–0.4 2 20 0.01
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the virtual patient, in order to also assist the user to ac-
curately position the needle and orient it according to
the appropriate visual guide points (Figure 3). Further-
more, visual rendering of the skin deformation during
needle insertion was also disabled, to eliminate any
force-substitution effects that this may add to the inter-
active simulation, since our focus in the present pilot
study is on the effect of a direct haptic component. In
future studies, we plan to explore other multimodal and
sensory substitution configurations.

Each user participated in one experimental session,
consisting of ten consecutive experimental trials. One
familiarization trial preceded each experimental session,
where the trainer (experimenter) also exposed in a pre-
defined way the basic requirements of the procedure
(that is, basically, the theoretical, anatomical, and tech-
nical aspects of the specific paracentesis technique the
user was asked to perform, and the means of interaction
with the simulator system). Each experimental session
lasted approximately 30 minutes.

The values of the controlled parameters were selected
at the beginning of each experimental session in a ran-
domized manner. In this pilot study case, this con-
trolled variation concerned only the activation (or not)
of haptic display, thus leading to two distinct experi-
mental conditions to be comparatively evaluated:

● Condition (a): NO, that is, simulation without
force-feedback (active force-feedback disabled).

● Condition (b): FF, that is, simulation with active
force-feedback enabled.

A total of five users from each group performed
the experiments under each experimental condition.
Besides this controlled variation, each user performed
the same series of experimental trials with the simulator,
with exactly the same predefined level of difficulty and
interaction features.

3.3 Evaluation Results and Discussion

The goal of the pilot study presented in this paper
was to explore the correlation of the different system-
generated performance scores (i.e., the dependent mea-
sures, automatically computed by the simulator at the
end of each experimental trial) with:

1. The actual level of experience and surgical skill of
the user, as this can be objectively deduced by the
group to which the user belongs (group I: novices,
group II: experts),

2. The activation or not of haptic feedback in the
simulation, our goal being to study the extent to
which the haptic display component plays an im-
portant role in increasing the performance of the
simulation and training system. In other words, we
aim to evaluate first the extent to which the objec-
tive scores computed by the simulator are consis-
tent (in statistical terms) with the clinical skill of
the user. Our goal is then to study the degree to
which the presence (or absence) of a haptic (in this
case, kinesthetic) display during the VR-simulated
paracentesis procedures has any effect on the per-

Figure 3. Orthographic 3D views of the virtual patient used during the simulated paracentesis operation.
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formance of the system. Such an effect can be eval-
uated with respect to: (1) the learning curve of
novice vs. experienced users, and (2) the capacity
of the system to accurately predict the clinical skill
level of the user, and thus perform efficiently as an
objective skill assessment tool. Such findings
should give us an indication about: (i) how well
the related sensorimotor skills are emulated by the
prototype VR platform, and thus consequently (ii)
how well such a simulator system could be poten-
tially used as a tool for training basic surgical skills.

In line with these objectives, our interest during
this pilot study focused on assessing two main research
hypotheses:

Hypothesis 1 (Learning rate of novice users): The us-
ers belonging to group I (novices) are expected to show a
significant improvement of their performance in the
course of each experimental session, that is, from the first
experimental trial (trial 1) to the last one (trial 10).

This performance improvement (i.e., the learning
rate for the novice group I users) could be considered
to constitute an initial indicator about the potential of
the system as a basic skills acquisition and training tool.
Of course, to draw such a conclusion we need to corre-
late the simulator-generated performance scores with
the actual clinical skills of the users, which constitutes
our second research hypothesis to be evaluated in the
sequel.

To test the validity of our first research hypothesis,
our goal was to assess an overall, average performance
improvement in the course of each experimental session,
that is, from the beginning (trial 1) to the end (trial 10)
of each session. An indicative measure of this perfor-
mance improvement, which should relate to the learn-
ing capacity of the system (if any), was obtained by
comparing the mean values between the scores obtained
during the first two trials (trials 1–2) and those of the
last two (trials 9–10). This was used as a measure of an
overall learning rate, for which results are depicted in
Table 3.

This table presents the mean values and standard de-
viations for the scores obtained by group I users (time

and total score), for experimental condition (a) (i.e. NO
force-feedback). It is found that, for the time score, the
learning ratio is approximately 22%, while for the total
score this improvement is 36%. It should be noted,
though, that (by applying a t-test comparison of the
scores between trials 1–2 and 9–10) this improvement
was not found to have a statistical significance in this
case (p � .162 for the time). This result shows that,
although there is an apparent performance improvement
for group I users (in the NO experimental condition) in
the course of each experimental session, this is not suffi-
ciently strong and cannot be considered as a reliable,
statistically founded result. This can of course be due to
the wide variability of users’ performance (as also seen
by the high values of the standard deviations), which is
natural in such a difficult (in the sense of delicate/dex-
trous) and complex (in the sense of combining many
intermediate skills) simulation task, and which, given
the limited number of users participating in this first
pilot study, does not allow for a statistical proof to be
obtained in this case. Nevertheless, a clear tendency,
related to the learning rate of novice users in the system,
is shown by this pilot study, as is also shown that with-
out any haptic display (condition (a), NO) the learning
rate exhibits a wide variability that limits a statistically
reliable conclusion to be drawn with certainty.

It should be further noted that, on the contrary, as
opposed to group I (novice) users, group II (experi-
enced) users show no apparent learning gain at all, in
the course of each experimental session (trial 1 through
trial 10). The performance of group II users remains
practically constant throughout the experiment, without

Table 3. Learning Rate for Group I Users, Under
Experimental Condition (a): NO Force-Feedback

GROUP I (a, NO) Time (s) Total score

Mean (trials 1–2) 71.5 1,918.99
SD (trials 1–2) 27.1 1,163.55
Mean (trials 9–10) 55.2 1,223.76
SD (trials 9–10) 42.3 767.60
Learning rate (%) 22.84% 36.22%
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any apparent improvement rate in the learning curve,
and this is irrespective of the activation or not of the
haptic display. This is definitely a positive sign for the
system, revealing that the experienced users adapt easily
to the requirements and the functionality of the simula-
tion. Indeed, this can be attributed to an adequate real-
ism of the simulator system, within which experienced
users can intuitively perform the required procedures
employing their normal skills and dexterities.

3.3.1 The Effect of Haptic Display on the
Learning Curve. A research question that needs to be
addressed at this point is the following: Is the learning
curve, particularly for group I (novice) users, affected by
the experimental condition, that is, by the activation (or
not) of the haptic display in the simulation?

An answer to this question can be deduced by analyz-
ing the results presented in Table 4, which concern
group I users for experimental condition (b) (FF, i.e.,
with active force-feedback). Comparing the results in
this table with the ones presented in Table 3, we can
observe a performance improvement of approximately
48% for time (with respect to the value of 22%, in Table
3), and 47% for the total score (as compared to 36% for
experimental condition (a) above). Furthermore, the
learning ratio for time is now found to have a statistical
significance (p � .01), while this was not the case for
the results obtained in the NO experimental condition,
as discussed above. This improvement provides an initial
indication on the positive impact that the activation of

haptic display (experimental condition (b)) has on the
performance of the system, as evaluated here with re-
spect to the learning rate for novice users.

The results concerning the learning curve for group I
users, comparatively for the two experimental condi-
tions, are depicted in Figures 4 and 5, for: (i) the average
total score and (ii) the time-to-complete, respectively.
These figures show the evolution of the simulator-
generated performance scores in the course of the ex-
perimental sessions (i.e., from trial 1 to trial 10), with
the numerical data averaged over all users performing
under each experimental condition, and depicted sepa-
rately for each one of the ten trials. These data demon-
strate: (i) a consistently better performance (in terms of
the average total score) when force feedback is active
(FF), and (ii) an overall tendency for a steeper learning
curve in the case of experimental condition (b), that is,
when the haptic display is active. This improvement is
more apparent in the case of completion time, in Figure
5 (where statistical significance is also established, as also
shown before, in Table 4), and concerns both: (i) aver-
age absolute values for the scores, as well as (ii) the reli-
ability of these measures as related to the variance of
these values (see SD values for trials 9–10 in Table 4
being reduced as compared to the corresponding values

Table 4. Learning Rate for Group I Users, Under
Experimental Condition (b): FF, with Active Force-Feedback

Group I
(b, with FF) Time (s) Total score

Mean (trials 1–2) 89.9 1,636.37
SD (trials 1–2) 41.4 1,447.34
Mean (trials 9–10) 46.3 859.32
SD (trials 9–10) 28.3 346.26
Learning rate (%) 48.42% 47.48%
t-test (p) 0.007 0.065

Figure 4. Experimental results for group I users: Average score over

all users for each experimental trial, comparatively for the two

experimental conditions. (a) without force-feedback (NO), and (b)

with active force-feedback (FF).
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in Table 3). These results provide an initial indication of
the benefit that can be anticipated when realistic haptic
display features are integrated in such a simulation and
training system, with respect to a faster and more reli-
able learning curve. This finding is particularly interest-
ing if it is interpreted as referring to a more efficient skill
acquisition process for novice users (trainees), when
haptic display (active force-feedback) is enabled. Of
course, larger-scale experimental studies need to be con-
ducted before more persistent conclusions can be drawn
reliably, with respect to the beneficial effect of haptic
display on the learning curve. Furthermore, these simu-
lator-generated score values need to be correlated with
the actual skills that are needed to perform the clinical
procedure in reality, which is in the scope of our second
research hypothesis.

Hypothesis 2 (Skill assessment):
The system has the potential to assess reliably the dex-

terity and skill level of the user in an objective way, by
means of the performance scores automatically com-
puted after each experimental trial. The simulator-
generated performance scores must correlate positively
with the user group (that is, group II experienced users
must perform significantly better—lower scores—than
group I novice users).

The validation of this hypothesis can indeed support
the direction of developing such realistic, VR-based,

interactive simulation technologies as a tool for objec-
tive assessment and, potentially, accreditation of the
user’s competence and level with respect to specific clin-
ical skills. To explore the validity of this hypothesis, the
results obtained in this pilot study were analyzed com-
paratively for the two user groups. The overall results
obtained for group II users (for the time-to-complete
and total score values) are given in Table 5. Comparing
these results with the results of group I above (even
with best group I performance of trials 9–10 in Table
4), one can observe that the overall performance of
group II (i.e., experienced) users becomes significantly
better in the case of experimental condition (b), that is,
with the haptic display active:

● Average time: 32.7 s (group II), as compared to
46.3 s (for group I); SD � 14.7, for group II, vs.
28.3 for group I.

● Average total score: 753 (group II) vs. 859 (for
group I); SD � 430, for group II, and SD � 346
for group I.

Therefore, these results (comparison of means)
demonstrate an apparent performance improvement for
group II (experienced) users with respect to group I
(novice) users, providing an initial indication about the
skill assessment performance of the system. However,
this conclusion is found to have statistical significance
only when haptic display is active (condition (b): FF), as
further explained in the sequel.

3.3.2 The Effect of Haptic Display on Skill
Assessment. Figure 6 illustrates the overall compara-
tive results between group I and group II, for the two

Figure 5. Experimental results for group users: Average time to

complete (s) over all users for each experimental trial, for the two

experimental conditions, (a) without force-feedback (NO), and (b)

with active force-feedback (FF).

Table 5. Overall Results for Group II Users, for the Two
Experimental Conditions (a) Without (NO), and (b) With
Active Force-Feedback (FF)

Group II Time (s) Total score

Mean value, (a): NO 53.4 1,580
SD, (a): NO 35.4 900
Mean value, (b): FF 32.7 753
SD, (b): FF 14.7 430
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experimental conditions (that is, with and without hap-
tic display). As shown in this graph, the performance
improvement for group II (experienced) users as com-
pared to users of group I (novices), varies from approxi-
mately 8% (total score) to 14% (time to complete) in the
case of experimental condition (NO), that is, when hap-
tic display is disabled. This performance improvement
for group II users is apparently much more important in
the case of experimental condition (FF), that is, when
haptic display is activated. The performance gain in this
case varies between approximately 35% (total score) and
47% (time to complete).

Furthermore, a statistical analysis of the results reveals
that this apparent performance improvement for group
II users is statistically significant only in the case of ex-
perimental condition (FF), that is, only when haptic
display is activated in the simulation, as shown by the
t-test results in Table 6 (p � .01 for the total score, and
p � .001 for the time-to-complete, in the case of exper-
imental condition (FF)).

We can thus conclude that there is a statistically sig-
nificant correlation between the objective performance
scores, automatically generated by the system, and the
level of experience/skill of the user, as related to the
group to which each user belongs (group I vs. group II

users). Furthermore, what is even more interesting, is
that this important correlation seems to appear only
when haptic display is active. This finding supports our
research hypothesis about the significant importance of
haptic display in such interactive surgical simulator and
training systems. Without this haptic component, the
experienced users seem to be unable and fail to apply on
the simulator their skill and dexterity acquired over
long-time training and hands-on clinical practice. This is
evident when one observes the time-to-complete score,
which shows a particularly significant improvement (p �

.001) when activating haptic display in the simulator,
meaning that in this case experienced surgeons seem to
become “familiar” with the experimental setting and
perform the simulated surgical procedure with “confi-
dence” and success. In this case, one can conclude that
the haptic display adds an irreplaceable component for
the realism of the simulation, contributing significantly
to an efficient emulation of the dexterity and skills re-
quired to perform the considered surgical procedures.

The same conclusion can be drawn analyzing some
more qualitative results, which have been collected by
means of a questionnaire that the users were asked to
complete after each experimental session. The experi-
enced users (group II) have clearly expressed their feel-
ing about the usefulness and necessity of active force-
feedback. The associated haptic sensation conveyed by
the system, although artificial, was stated to provide an
irreplaceable feature for the realism of the interactive
simulation, which seemed absolutely necessary for the
experienced users to intuitively reproduce the dexterous
manual operations that are required to safely and effi-
ciently perform the simulated paracentesis procedure.

4 Conclusion and Future Work

This paper focused on the first pilot study con-
ducted on a virtual reality (VR) based simulation and
training system designed for a class of paracentesis oper-
ations. The specific case study presented treated a spe-
cial surgical technique used for the catheterization of
the subclavian vein. Two user groups participated in the
study, namely: (group I) novice users and (group II)

Figure 6. Overall comparative results between group I and group II,

for the two experimental conditions: (a) without (NO) and (b) with

force-feedback (FF).
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experienced surgeons. The simulator system automati-
cally provides quantitative assessment scores on user
performance, applying a set of objective metrics involv-
ing also measures regarding optimality of needle inser-
tion path, economy of movement, as well as indicators
of maneuvering errors or potential major complication
risks (in terms of injuring vital anatomic structures).
Performance, in terms of training and skill assessment,
was evaluated in a twofold manner, regarding respec-
tively: (a) the learning curve exhibited by users, and (b)
the correlation of the system-generated scores with the
actual surgical experience of the user, in other words,
the extent to which the system can reliably predict and
assess the actual skill level of the user, as related to the
group to which each user belongs.

These performance measures were also evaluated with
respect to the activation of haptic feedback and to whether
this has any beneficial effect (or not). Our main objec-
tive in this study was to obtain quantitative evaluation
results regarding the impact of haptic display on the
performance of the paracentesis simulator (particularly
with respect to the kinesthetic feeling evoked when the
manipulated needle is constrained by the clavicle bone,
which is commonly exploited by skilled surgeons as a
“haptic guide” to control the needle insertion track).

The results obtained during this pilot study are pre-
sented and analyzed in this paper. The conclusions
drawn support our basic hypotheses regarding learning
and skill assessment performance of the system, and can
be summarized in the following statements:

1. The system seems to simulate the considered para-
centesis operations realistically, as can be deduced
by analyzing the performance of experienced

(group II) users who perform the required manual
procedures intuitively, reproducing the associated
clinical dexterity and skills (no apparent learning
gain for group II users in the course of each exper-
imental session).

2. Initial findings with respect to the learning curve
of group I users seem to support the idea that the
proposed simulator can indeed be used by novice
students or trainees to acquire basic skills and en-
hance their performance.

3. Statistical analysis of the results, comparatively
with respect to the two user groups, supports our
hypothesis that such a VR-based simulator can be
used to reliably assess the clinical skill and experi-
ence of the user, based on objective metrics and
performance scores automatically generated by the
system.

Regarding particularly the beneficial effect of hap-
tic display on the performance of the system, the follow-
ing conclusions can be drawn:

4. The presence of the haptic display considerably
improved the learning rate for novice users, lead-
ing to a steeper and more consistent learning
curve.

5. Activation of the haptic display had a statistically
significant effect on skill assessment performance
of the system, as deduced by a comparative analy-
sis of the scores obtained between novice and ex-
perienced users.

It was, thus, the goal of this research work to ex-
plore aspects of this beneficial effect and to obtain rela-
tive quantitative evidence, at least in a specific simula-

Table 6. t-Test Results for Comparative Analysis Between the Two User Groups

Group I vs. Group II t-test (p)

(a), NO (without force-feedback): time to complete 0.149304
(a), NO (without force-feedback): total score 0.292364
(b), FF (with active force-feedback): time to complete 0.0009
(b), FF (with active force-feedback): total score 0.0053
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tion and training configuration. We must always bear in
mind that this study concerned synthesizing an artificial
kinesthetic feedback, where the issue is to explore how
the users may react to the presence (or absence) of such
a virtual component in a VR-based simulator. Quantita-
tive results based on objective evaluation measures, par-
ticularly with respect to the effect of haptic/kinesthetic
display, are in fact rather missing from the literature,
and it was our goal to add relative evaluation data. A
long-term goal is to characterize skills and to establish
rules about how different dimensions in a simulation/
training process can benefit from specific feedback mo-
dalities, in order to obtain guidelines for the design of
multimodal training interfaces. Furthermore, it must be
noted that larger-scale, long-term clinical studies are
required before safe conclusions can be drawn regarding
the use of such a simulator as an efficient training tool.

Besides that, future work is also oriented in the fol-
lowing directions:

● From a technical perspective, further development
is needed particularly with respect to: (a) exploring
more complex 3D deformation and force-feedback
models, also studying haptic rendering stability and
transparency issues, (b) improving the realism and
the impact of the simulation by integrating biman-
ual coordination and operation in a coregistered
virtual simulation space, and (c) implementing
other training modes, particularly computer-guided
training.

● From an application point of view, further develop-
ment is needed to increase the scope of the simula-
tor as a dynamic training platform, by: (i) integrat-
ing more complex and parameterizable 3D models,
as well as patient-specific models reconstructed
from CT and/or MRI data, and (ii) implementing
other use cases and clinical scenarios, to create a
more general-purpose platform.

Feedback collected from users (nursing graduates,
MDs, and experienced surgeons) who have tested the
system is more than encouraging (sometimes even en-
thusiastic), clearly demonstrating the potential of this
VR and haptics technology to provide breakthrough
solutions and tools that meet (with a yet unattained per-

formance) specific, particularly challenging requirements
that are imposed within the medical education and
training sector.
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