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ABSTRACT simulators could help bypass these drawbacks by emulating the ac-

quisition of hands-on experience and skills on a ‘virtual patient’.
We have developed a prototype virtual reality simulator platform In this direction, we have developed a prototype e-learning plat-
for training in a class of paracentesis operations. A pilot study was form aiming to provide training on the procedures and operations
conducted to obtain an initial proof-of-concept on the effectiveness involved in an ER environment. Operating in ER requires com-
of such a platform, and evaluate its performance as tool: (a) to en- plex clinical skills involving: from one hand (a) rapid decision-
hance clinical training and (b) to provide objective assessment of making, and on the other hand (b) manual dexterity and sensori-
surgical dexterity and skills. The case study that is presented in motor abilities, both (a) and (b) under very strict time constraints.
this paper focused on the emulation of a specific surgical technique The work presented in this paper focuses particularly on the exper-
used to perform paracentesis of the subclavian vein, which con- imental evaluation of a system called DEX (Clinical Dexterity En-
stitutes one of the most commonly applied invasive procedures in hancement and Assessment), which constitutes a generic VR based
the treatment of emergency cases. Two user groups participated inplatform with haptic display, performing realistic interactive sim-
the study, namely: (1) novice users and (ll) experienced surgeons. ulation for a class of emergency-room invasive procedures, with a
The system automatically provides quantitative assessment scoreparticular focus on paracentesis operations.
on the user's performance, applying a set of objective metrics that  This paper presents the first pilot study conducted with the DEX
involve ‘optimality’ of needle track and measures of manipulation platform, to systematically evaluate the performance of the sys-
errors. To implement these assessment metrics, the prototype VRtem. A specific scenario was implemented during this first pilot
simulator incorporates 3D models of all the anatomic areas of in- study, concerning a particular surgical technique for obtaining cen-
terest involved in this procedure, namely: skin, bones, lungs and tral access on a deep vessel, and more precisely paracentesis of the
arterial/venal tree. Furthermore, a haptic interaction system is inte- subclavian vein. Subclavian vein paracentesis is one of the most
grated in the platform, providing the user with a sense of touch dur- common procedures in clinical practice and is often involved in the
ing simulated needle insertion. Our main goal in this study was to treatment of patients in ER. This operation is particularly difficult
evaluate the impact of haptic display in the performance of the sim- to learn, and requires a combination of visual and haptic skills in
ulator, regarding: (a) the learning curve for novice users (trainees), order to identify the needle insertion point, and to control the nee-
and (b) the correlation of the system-generated assessment scoregle position and orientation during penetration. To incorporate the
with the actual experience and skill of the user. Experimental find- “sense of touch” in the simulator platformhaptic interactiorsys-
ings provide evidence about the significance of a haptic dimension tem has been developed coupling the VR-based simulation engine
in such a surgical simulation system, especially regarding the ability with a typical desktop force-feedback device. The challenges ad-
of the system to correctly and reliably assess the associated surgicatiressed at this stage are twofold: (i) from a technical point of view,
dexterity and skill level of the user. to achieve a trade-off between realism (accuracy of the physically
based simulation) and real-time performance necessary particularly
for a stable haptic interaction; (ii) from an educational and human-
factors point of view, to conduct experimental evaluation studies in
order to identify the critical factors affecting the performance of the
1 INTRODUCTION system in terms of clinical skill training and assessment.
There exist a few research efforts reported in the literature aiming

Providing efficient training of health-care professionals particularly to develop simulators for specific paracentesis procedures, such as a
with respect to invasive critical operations practiced in special clin- lumbar puncture simulator [7], an amniocentesis simulator [16], or
ical environments like an emergency room (ER), is undoubtedly a an abdominal paracentesis simulator [5]. Most of these works focus
very difficult process. In such clinical settings, the ultimate degree On the technological challenges that have to be addressed to develop
of dexterity together with “real-time” decision-making skills are efficient surgical VR simulators. Afew ot_her_research_efforts focus
needed to safely perform the required procedures. The timely andon developing models for ‘needle insertion into soft tissue’ proce-
persistent adaptation of the trainee medical doctor from the theoret-dures, such as the force model presented in [12], or the relevant soft
ical education field to the clinical “hands-on” practice on the real tissue deformation models based on finite element methods [4][11].
hospital environment, constitutes a great challenge and a primary Such models constitute a necessary step towards the develop-
educational objective in the Health Sciences. Furthermore, per- ment of efficient simulators for needle insertion operations, partic-
forming objective assessment of these clinical dexterity and skills, ularly when haptic display is to be involved. The goal of effectively
is in practice extremely difficult. The use of virtual reality (VR) integrating such sensorimotor functionalities and skills within a
VR system, particularly an interactive VR-based surgical simula-
*e-mail: ktzaf@softlab.ntua.gr tor, poses extraordinary challenges for researchers and engineers in
Te-mail: birbas@otenet.gr the field. The study and integration of haptic interaction modalities

in VR systems consists in providing the user of a virtual environ-

ment with all the important sensations involved when touching, ex-

ploring or manipulating virtual objects [13]. The main objective of

the work presented in this paper is to evaluate the effects that such
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haptic display components have on the performance of a VR-based
surgical simulator.

The performance of the simulator system is evaluated in a
twofold way: (i) as atraining tool, aiming to help users safely
acquire and enhance specific basic surgical skills and dexterities,
required to successfully perform such common but critical invasive
procedures, prior to any real hands-on clinical practice, and (ii) as
a skill assessmerfand potentially accreditation) tool, on the basis
of objective metrics and computer-generated scores (with no sub-
jective human intervention). In the research work described in this
paper, we aim to evaluate the extent to which such a system can|
effectively accomplish these goals. Furthermore, we aim to obtain
quantitative evaluation indicators regarding the importance of hap-
tic display in the simulator, and the effect that the presence (or ab-
sence) of such an interactive, sensorimotor simulation component|
has on the performance of the system.

The paper is organized as follows: Section 2 presents a brief
overview of the simulator and the haptic display features of the sys-
tem. This paper focuses on the pilot evaluation study conducted,
which is described in Section 3, including the methodology and ex-  Figure 1: Overview of the simulator setup used during experiments.
perimental protocol employed, the objective metrics used for skill
assessment and the experimental results obtained. The results are
analyzed and discussed in respect to our research hypotheses re-
garding training and assessment, as well as to the effect of hapticaccuracy of the forces displayed to the user, which calls for com-
display in the performance of the system. Section 4 provides con- plex and usually computationally expensive models. The second
clusive remarks and future work directions. requirement calls for efficient calculations and real-time fast con-

trol loops to ensure a stable force-reflecting interaction. The main
bottleneck in this respect is the visualization loop, performing all

2 VR PARACENTESIS SIMULATOR : EXPERIMENTAL SETUP the necessary computations regarding collision detection, contact
) and deformation modelling within the 3D graphics environment.
2.1 Overview 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 requirements. The force feedback control loop usually
operates in a separate thread at 1 KHz or more. However, this fast

We have developed a prototype VR paracentesis simulator plat-
form, which was originally presented in [14]. The core of the first

prototype simulator system is comprised ofiatual patientwith control rate is in fact not exploited, if all critical updates for force-

“visible” anatomic landmarks and “touchable” anatomic areas of . . h
feedback computation (contact location, deformation data, etc.) are

interest. The user can: (a) select the puncture site with respect tod'rectl comina from a Slow aranhics loop. Similarly to the effect
specific visible anatomic landmarks, (b) orient the puncture device ' y Ing . W graphi p. similarly 1o e
of a zero-order hold in any control system, this delay in obtaining

on a 3D anatomic space, (c) perceive the tissue deformation (on the R . : h
human skin) caused by the device, and (d) feel the haptic equivalentnew critical information updates may cause undesirable chattering

produced during the insertion through the anatomic layers or even instability, particularly when simulation of hard contact is

In its current configuration, the system can simulate most of the involved.
potential complications in accordance to the situations that may be  All these problems are now very well known in the haptics re-
encountered in the real clinical setting. For this reason, the systemsearch community, and several solutions have been proposed, most
incorporates 3D models of all the human anatomical structures of of them related to the application of some type of a ‘virtual cou-
interest involved in the simulated paracentesis procedure, namely:pling’ (instead of a ‘hard’ direct force/position interconnection)
skin, bones (clavicle and thorax), lungs and arterial/venal tree. It aiming to improve stability of interaction between haptic master
also includes 3D models of surgical instruments (in our case the and virtual simulation environment (e.g. [3][8]). Needless to say,
needle parts). Stereoscopic 3D graphics rendering routines are im-though, that such a ‘soft coupling’ between master and slave sys-
plemented using OpenGL, and collision detection is implemented tem may deteriorate the transparency of the system and, in our case,
using the ColDet library. Details about skin deformation and force significantly decrease the realism of the simulation with respect to
computation modeling used at this stage are presented in [15]. the haptic skills involved in the specific simulated procedure.

Figure 1 shows the experimental setup of the simulator platform | this respect, we have decided to employ, instead, a local geom-
employed throughout the evaluation trials. A pair of 3D stereo ety approximation technique, decoupling the haptic display com-
glasses was used for stereoscopic display, to enhance the visuahtations from the visualization engine, for the particular case of
realism of the simulation. To provide the user with a feeling of 3 needle in contact with specific anatomical structures (such as the
contact (touch) forces applied during the performed paracentesis:fjat-type’ human skin or the ‘cylindrical-type’ clavicle bone). Feel-
operation, the system was coupled to a haptic device, a Ph&ntom jng these constraints through the sense of touch (particularly the
Desktop" force feedback device (from SensAble Technologies: hard haptic constraint invoked by the presence of the clavicle bone

http://www.sensable.com/), as discussed in the sequel. above the needle track), by means of the forces exerted on the ma-
nipulated needle, is considered as the most important part of the
2.2 Haptic Display manual skill involved in performing paracentesis of the subclavian

vein. Ensuring efficient computations and fast updates was consid-
The most important issue in a haptic display system is undoubtedly ered as of primary importance, even if itis in the disadvantage of the
that of achieving an ‘optimal’ tradeoff between two, often contra- accuracy of the geometrical representations used in force feedback.
dictory, requirements: transparency and stability. The first one is This was subsequently validated during experimental trials through
related to the realism of the simulation and the physically-based qualitative assessments performed by experienced surgeons.



3 PILOT STUDY: METHODOLOGY AND RESULTS touching a lung, with the risk of pneumothorax) is weighted more
than other false maneuvers considered by doctors as minor in the
Paracentesis of a deep vessel (such as the subclavian vein) is one afourse of the procedure. It must be highlighted again that, since
the most common procedures used in clinical practice and is often score values correspond in fact to penalty marks (resulting from:
involved in the treatment of patients in an ER environment. Such (i) time elapsed to successfully complete the procedure, and (ii)
invasive procedures are particularly difficult to learn, and *hands- errors committed, false maneuvers performed, or generally subop-
on” training may eventually include substantial risk for the patient. timal surgical manipulation), a higher obtained score is an indicator
As already mentioned, the VR-based haptic simulator presented inof worse performance in the simulated procedure.
this paper aims to help clinicians acquire some basic skills and dex-  With respect to these metrics, an important issue concerns cali-
terity prior to any real clinical operation. The effectiveness of such brating the system to obtain reliable objective score for each user.
a VR simulator as a training tool needs to be evaluated in terms of For this reason, we conducted a set of “calibration sessions”, where
its capacity to enhance the surgical skills of the user, which requires the system was set on a “teach mode” and used by a group of ex-
long-term clinical studies to validate. However, validating the relia- perienced surgeons to demonstrate the characteristics of the “av-
bility of such a system as a tool for objectively assessing the clinical erage optimal path” and “acceptable deviations”. In other words,
skill and dexterity of the user, can constitute an initial ‘proof-of- during these sessions, the experienced surgeons in fact “teach” the
concept’ and provide an indication about the effectiveness of such simulator how the considered paracentesis technique should be per-
simulation techniques in practical use. The objective assessment offormed in an optimal way (i.e. ‘by the book’). These data have then
the psychomotor skills required to perform an invasive procedure been processed to extract parametric representations of the ‘optimal
in a real clinical setting, is a very difficult task due to the inherent needle-insertion track’, based on which the real-time evaluation of
measurement difficulties associated with evaluating skills and dex- the respective objective measures will proceed. It must be noted, of
terities in vivo. Developing procedures and techniques to reliably course, that the surgeons who have ‘calibrated’ the skill-assessment
perform such objective and real-time skill assessment is now be- module of the system, did not participate in any way in the subse-
coming a priority in the medical sector. In this context, there is now quent experimental evaluation study.
an emerging body of evidence to establish the validity of simula-
Fion technique_s for assessing surgical skill_s [2][1][10], such as for 3 o Experimental protocol and evaluation procedures
instance studies demonstrating the effectiveness of the MIST-VR
laparoscopic simulator [6][9]. The pilot study presented in this paper was based on a specially

In the pilot study presented in this paper, we aim to evaluate the designed experimental protocol that was consistently employed
extent to which such a system can effectively perform: (a) realis- throughout the trials. According to this protocol, users from two
tic simulation of the considered invasive procedures, in this case, pre-defined groups participated in the experimental sessions:
paracentesis of the subclavian vein; (b) measurement and reliable e Group-I (novices): consisting of nursing students or graduates.
assessment of the user’s “level of dexterity and skills” in perform- It is important to note that all users in this group had the theoretical
ing the considered clinical technique. In the rest of the paper, we (human anatomy etc.) knowledge of the considered clinical proce-
describe the metrics defined to compute user assessment scores, akire (most of them had also been physically present, several times
well as the experimental protocol, the procedures employed and thein the past, in such operations), but had no real prior ‘hands-on’
results obtained during the pilot study presented in this paper. experience and definitely no specialized clinical training; in other
words, a-priori they did not possess the surgical dexterity and skills
required to perform such operations.

e Group-Il (experienced): consisted of trained surgeons, with
The prototype paracentesis simulator system is designed to auto-significant experience in performing the considered paracentesis
matically generate a global quantitative assessment score of theprocedure. All users in this group had performed over 100 oper-
user’s performance in executing the simulated clinical procedure. ations prior to their participation in this experiment, some of them
This assessment score is based on evaluating a set of objective perbeing also in charge of teaching trainees surgeons in such deep-
formance measures, which include the following: vessel paracentesis procedures.

(i) indicators of major, safety-critical manipulation errors that Each group included 10 users. The total number of the sample
may lead to serious complications or risk of injury to vital anatom- was, thus, 20 (N) subjects.
ical areas, within the virtual surgical space In this pilot study, the system was experimentally tested in a spe-

(ii) deviations from an ‘optimal needle path’ including: selecting cific surgical technique employed for the paracentesis of the sub-
the needle insertion point, as well as needle orientation in the venal clavian vein. According to the specific technique used in this pilot
access track study, a large-caliber needle, attached to a 12-ml syringe is intro-

(iii) ‘economy of movements’ measures, and indicator on the duced 1 cm below the junction of the middle and the medial thirds
‘smoothness’ of needle motion of the clavicle. After the skin has been punctured, with the bevel of

(iv) the total time needed to successfully complete the simulated the needle upward, the needle and the syringe are held parallel to the
procedure frontal plane. Then, the needle is directed medially, slightly cepha-

The system continuously records, in real-time, all the above lad, and posteriorly behind the clavicle toward the posterior, supe-
mentioned performance indicators, automatically generating indi- rior angle to the sternal end of the clavicle (toward finger placed in
vidual values as “penalty-marks” for each one of these score cate-the suprasternal notch). The needle is slowly advanced while the
gories, at the completion of each experimental trial. All these per- plunger of the syninge is genlty withdrawing until a free flow of
formance measures are then weighted together to obtain an overblood appears in the syringe.
all (total) score indicator for each performed procedure. For in-  Particular attention was payed as to conduct the experimen-
stance, regarding time-to-complete, a value e.g. of 30,000 (thattal procedures in a very systematic way, consistently for all users
corresponds to 30,000 msecs, i.e. 30 secs) is weighted by a factoithroughout this pilot study, in order to eliminate from the obtained
of 0,01 contributing to the final score the value of 300. All other results any undesirable biasing effect that may be due to reasons
penalty values are normalized accordingly with a corresponding other than the controlled parameters’ variation. For this reason,
weight factor, regarding their considered significance to the suc- we have also decided to disable, during these controlled experi-
cessful outcome of the procedure. In other words, an error corre- ments, any interactive virtual navigation features within the vir-
sponding to a major complication risk (such as, for instance, needle tual patient’s simulated anatomical space. Instead, the simulator

3.1 Metrics for clinical dexterity and skills assessment



[ GROUP-I (a, NO) [ TIME (secs)| TOTAL SCORE |

Mean (Trials 1-2) 715 1918.99
STD (Trials 1-2) 271 116355
(4 Mean (Trials 9-10)] _ 55.2 1223.76
. STD (Trials 9-10) 423 767.60
@ ® © [ Learningrate (%)| 22.84% | 36.22% ]

Figure 2: Orthographic 3D views of the virtual patient used during the  Table 1: Learning Rate for Group-I users, under experimental condi-
simulated paracentesis operation. tion (a): NO force-feedback

[ Group-I (b, with FF) | TIME (secs) | TOTAL SCORE |
interface allowed the user to selectively switch between three pre- Mean (Trials 1-2) 89.0 1636.37
specified fixed orthographic views of the virtual patient, in order to STD (Trials 1-2) 1.4 144734
also assist the user to accurately position the needle and orient it

according to the appropriate visual guide-points (Fig. 2) Mean (Trials 9-10) 46.3 859.32

9 APPropria guide-points (Fg. 2). STD (Trials 9-10) 283 346.26

Each user participated in oe&perimental sessiononsisting of - > = =
ten consecutivexperimental trials Onefamiliarization trial pre- [_Learningrate (%) [ 48.42% | 47.48% |

ceded each experimental session, where the trainer (experimenter . ] )

also exposed in a predefined way the basic requirements of the pro-'able 2: Learning Rate for Group-| users, under experimental condi-

cedure (that is, basically, the theoretical, anatomical and technical *'°" (b): FF, with active force-feedback

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. This performance improvement (that is, the learning rate for the
The values of the controlled parameters were selected at the benovice group-I users) could be considered to constitute an initial in-

ginning of each experimental session in a randomized manner. Indicator about the potential of the system dmaic skills acquisition

this pilot study case, this controlled variation concerned only the and training tool Of course, to draw such a conclusion we need to

activation (or not) of haptic display, thus leading to two distinct ex- correlate the simulator-generated performance scores with the ac-

perimental conditions to be comparatively evaluated: tual clinical skills of the users, which constitutes our 2nd research
« condition (a): NO, i.e. paracentesis simulation without force- hyPothesis to be evaluated in the sequel. o
feedback (active force-feedback disabled) The validation of our first experimental hypothesis is demon-

strated in Table 1, where the results (mean value and standard devi-
enabled. ation) of group-I scores (‘time’ and ‘total score’) are presented, for
experimental condition (a) (i.e. NO force-feedback). The “learning

A total of of five users from each group performed the experi- . o ; :
ments under each experimental congitioné ICI)3esides this contFr)oIIed rate” (and consequently the “skill-transfer” potential) of the system

variation, each user performed the same series of experimental gri-n this case can be deduced by comparing the mean score values
als with the simulator, with exactly the same pre-defined level of between the first two trials (trials 1-2) and the last two ones (tri-

difficulty and interaction features. In the future, we plan to evaluate alﬁ.IQ-flor).tth;_tr:ely‘Tlmre’, tthhe .Irenarrnmgn:atnet 1S gggroxmately 22%,
the effect of other parameters in the performance of the system as avhne for the “Total' score this improvement 1S 0 .
On the contrary, as opposed to group-1 users, group-ll (experi-

surgical skill training and assessment tool, involving both the visual . >
channel (stereo visual display and active VR navigation features) enced_) users ShOV.V no apparent 'ea”‘".‘g gain in the course of each
and the haptic display channel (particularly, the effect of bimanual experimental session (trial-1 through trial-10). The performance of
haptic interaction). group-Il users remains prac_tlcally constant th_roughout the experi-
ment, without any apparent improvement rate in the learning curve,
and this irrespective of the activation or not of the haptic display
3.3 Evaluation Results and Discussion features. This is definitely a “positive sign” for the system, reveal-
ing that the experienced users adapt easily to the requirements and
As already mentioned, our main goal in this pilot study is to eval- the functionality of the simulation, which could also mean that they
uate the degree to which the presence (or absence) of a haptic (inare able to intuitively perform the required procedures in the simu-
this case, kinesthetic) display during the VR-simulated paracente- lator, employing their normal skills and dexterities.
sis procedures can affect the performance of the system. This can
be evaluated in terms of: (1) the learning curve of novice vs. ex-  The Effect of Haptic Display on the Learning Curve
perienced users, and (2) the capacity of the system to accurately A research question that needs to be addressed at this point is the
‘predict’ the clinical skill level of the user, and thus perform effi-  following: Is the learning curve, particularly for group-I (novice)
ciently as an objective skill assessment tool. Such findings should ysers, affected by the experimental condition, that is, by the activa-
give us an indication about: (i) how well the related sensorimotor tjon (or not) of the haptic display in the simulation?
skills are emulated by the prototype VR platform, and thus conse-  An answer to this question can be deduced by analyzing the
quently (i) how well such a simulator system could be potentially results presented in Table 2, which concern group-I users for the
used as a tool for teaching basic surgical skills. experimental condition (b) (FF, i.e. with active force-feedback).
In line with these objectives, our interest during this pilot study Comparing the results in this table with the ones presented above in
focused on the evaluation and potential experimental validation of Table 1, we can observe a significant performance improvement of
two main research hypotheses: approximately 48% for ‘Time’ (with respect to the value of 22%, in
Hypothesis-1(Learning curve of novice userslhe users be- Table 1 above), and 47% for the ‘Total’ score (as compared to 36%,
longing to group-I (novices) are expected to show a significant im- for experimental condition (a) above). This improvement provides
provement of their performance in the course of each experimental an initial demonstration of the positive impact the activation of hap-
session, that is from the first experimental trial (trial 1) to the last tic display (experimental condition (b)) has on the performance of
one (trial 10). the system, as evaluated here with respect to the learning rate for

e condition (b): FF, i.e. simulation with active force-feedback



[ Group-Il | TIME (secs) | Total SCORE]

4500

Mean value, (a): NO 53.4 1580
4000¢ QO (a): NO (without force-feedback) STD! (a) No 354 900
3500l [ (b): FF (with active force-feedback) Mean value, (b) EE 3.7 753
so00l STD, (b): FF 14.7 430

[N
a
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Table 3: Overall results for Group-Il, for the two experimental con-
ditions (a) without (NO) , and (b) with active force-feedback (FF).
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conditions: (a) without (NO), and (b) with (FF) active force-feedback. g 1000}
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These results concerning the learning curve for group-l users, § 600
comparatively for the two experimental conditions, are also de- 9
picted in Figure 3 for the average total score. This figure shows g 40|
the evolution of the simulator-generated performance scores in the £
course of the experimental sessions (i.e. from trial-1 to trial-10), ~ 2%
with the numerical data averaged over all users performing under
each experimental condition, and depicted separately for each one R—— (NO) Total Score (NO) Time (FF)  Total Score (FF)
of the ten trials. The improvement observed in the case of experi- Score Category and experimental condition (Group—I vs. Group-II)

mental condition (b), that is when haptic display is active, concerns

both: (i) average absolute values for the scores as well as (i) the _, .

reliability of these measures as related to the variance of these val-F'gure 4: Overall comparative results between group-I and group-Il, for

ues (see standard deviation STD values for trials 9-10 in table 2 ;he o experimental conditions: () without (NO) and (b) with force-
; T . eedback (FF).

being significantly reduced as compared to the corresponding val-

ues in table 1). This provides a clear indication about the benefit

that can be anticipated when realistic haptic display features are in-

tegrated in such a simulation and training system, with respect to when haptic display is active (exp. condition (b), FF), as further ex-

a “faster and more reliable learning curve”, a particularly interest- plained in the sequel.

ing finding if it is interpreted as referring to a moeéficient skill

acquisition procesgor novice users (trainees). Of course, these  The Effect of Haptic Display on Skill Assessment

simulator-generated score values need to be correlated with the ac- Figure 4 illustrates the overall comparative results between

tual skills that are needed to perform the clinical procedure in real, group-1 and group-Il, for the two experimental conditions (that is,

which is the scope of our second experimental hypothesis. with and without haptic display). As shown in this graph, the per-
_ _ _ formance improvement, in terms of the scores obtained by group-
Hypothesis-2 (Skill assessment)The system can reliably and || (experienced) users as compared to users of group-I (novices),

objectively assess the dexterity and skill level of the user, by meansvaries from approximately 8% (total score) to 14% (time to com-
of the performance scores automatically computed after each ex-plete) in the case of experimental condition (NO), that is, when
perimental sessian haptic display is disabled. This performance improvement for the
To explore the validity of this hypothesis, the experimental re- group-Il is apparently much more important in the case of exper-
sults were analyzed comparatively for the two user groups (group-I: imental condition (FF), that is, when haptic display (in our case
novice users, vs. group-ll: experienced surgeons). The overall re-force-feedback) is activated. The performance gain in this case
sults obtained for group-Il users (for the time-to-complete and total varies between approximately 35% (total score) and 47% (time to
score values) are given in table 3. Comparing these results with thecomplete).
ones of group-I above (even with best group-I performance of trials  Furthermore, a statistical analysis of the results reveals that this
9-10 in table 2), one can observe that the overall performance of gpparent performance improvement for group-Ii users is statisti-
group-li (i.e. experienced) users becomes significantly better in the ca|ly significant only in the case of experimental condition (FF),
case of experimental condition (b), that is, with the haptic display that is, only when haptic display is activated in the simulation (t-

active: test results:p < 0.01 for the total score, ang < 0.001 for the
> Average Time-to-complete : 32.7 secs, vs. 46.3 secs before time-to-complete, in the case of experimental condition (FF)).
(std = 14.7 vs. 28.3 before) We can thus conclude that there is a statistically significant cor-
> Mean Total Score : 753 vs. 859 before. relation between the objective performance scores, automatically

generated by the system, and the level of experience / skill of the

Therefore, these results demonstrate a performance improve-user, as related to the group to which each user belongs. Further-
ment for group-ll (experienced) users with respect to group-l more, what is even more interesting, is that this important corre-
(novice) users. However, this conclusion is eminently accurate only lation seems to appear only when haptic display is active. This
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