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Abstract— Ergonomics is known to be poor during laparoscopic
surgery because of the minimal access and the manual handgn
of the laparoscope, which is required to display intra-abdeninal
images on monitors in the absence of direct vision. Severabbots
were developed over the last two decades to hold and move ttee |
paroscope, so as to offer better image stability and free thassis-
tant’'s hands and mind. The purpose of this study is to comparg¢he
motion performance of these devices, including the EVOLAPabot
designed at UCL, and to assess the influence of two main facton
motion duration: the kinematic architecture and the control ca-
pabilities of the human-robot interface (i.e. the number ofdirec-
tions). An experimental bench was set up using a modified veian
of the EVOLAP robot, capable of generating laparoscope motins
identical to the ones induced by the three most common kinenta
ics among existing laparoscope positioners. Results showat the
kinematics has a large influence on motion duration. It also p-
pears that performance is increased significantly with a cotmol in-
terface that provides more motion directions that the commecially
available ones.

Keywords— medical robotics, laparoscopic surgery, kinematics,
human-machine interface

I. INTRODUCTION

cially available robots were introduced to the medical camm
nity by means of such studies (e.g. [5-8]). Since AESOP was
the first available laparoscope positioner, several sar¢gams
took it as a reference to assess the relative performanceafa
robot during comparative clinical trials (e.g. [12]). M@stthors
report that these devices can actually replace the assfstan
holding the camera, thus allowing solo surgery in some cases
Occurrence of peroperative complications do not diffeniig
cantly from human-assisted laparoscopy. These systemsaff
more stable image, making fine suturing easier. They also re-
duce the number of lens cleaning actions needed. Furthermor
surgeons feel less fatigue and can concentrate better an the
work, since they do not have to guide the assistant. Finafly,
assistant who has to hold an instrument spends less energy du
ing surgery and can better focus on his surgical task.

These studies in real conditions are sufficient for a proof of
concept. However, they are not very reproducible, sincethe
eration time is affected by many external and uncontroléed f
tors. A standardized experimental protocol outside theatjey

INCE the early nineties, robotic technologies have been pf@om would allow a more accurate and reliable measurement of
posed by researchers and manufacturers for overcomingtBgir performance. For industrial robots, performancericet
gonomic prob'ems of m|n|ma”y invasive |apar05c0pic Sluyge a.nd meth0d0|0gies to measure them are deﬁned by interaﬁtion
Indeed, gestures like suturing or knot tying are more compfitandards (e.g. 1SO 8373, ISO 9283). Unfortunately, no such

cated than with the classic open technique, due to the ictdireegulation is established for surgical robots.

access to tissues in the peritoneal cavity and to the mirgamnd
scaling effects of the keyhole incisions performed in thexat-
inal wall. Famous telesurgery robots (e.g. Zeus [1], da MRi¢

Yavuzet al. [13] and Nebott al. [14] compared the perfor-
mance of AESOP and EndoAssist in a more standardized way.
In their ex vivostudy on pelvitrainer, one subject had to repeat

and the recent MiroSurge in development at DLR [3]) were de-series of basic motions following several linear paths it
signed to restore some mobility in the abdomen and make hareasing length and along various directions from horiabotat
gestures more intuitive and natural. Besides these laaye; c vertical (directions being relative to the local image feaat the
plex, and pretty expensive systems that will not fit into mostarting point of motion). The experimental setup and proto
operating theaters, smaller robots are dedicated soletieo col are more controllable than in a series of real surgicat pr
handling of laparoscope and camera, required to displag-intcedures. This methodology is therefore much less sensitive
abdominal images on monitors in the absence of direct visionexternal factors and more easily reproducible. The maiitdim
organs. These simpler devices allow the surgeon to cotieol tion of these two studies lies in the fact that robots areyeeal
camera displacements via a ’hands-free’ interface (e.gcevoas whole devices. It is therefore difficult to find out why aabb

recognition, head tracking, miniature joystick). A coujle

performs better than the other in terms of motion duratidn. |

them reached the market and can be seen working in operatiagld be thanks to a more intuitive and fast-reacting iatesf
rooms, such as AESOP [4], LapMan [5], EndoAssist [6] and ity just because the preprogrammed angular velocity of the la
successor FreeHand [7], and the Lightweight EndoscopetRoparoscope is set at a higher level.

marketed as ViKY [8]. Several other prototypes are under de-Yet, it could be desirable to identify the influence of each
velopment in laboratories, including the VESALIUS [9] rdbocharacteristic of laparoscope positioners. In partigldarex-
from KULeuven and the EVOLAP robot [10] designed at UCLplained below, one can anticipate that two factors havegelar
More comprehensive reviews of existing devices can be fouimfluence: the control interface and the kinematics. Thepse

in literature (see for example [11]).

of the study reported in this paper is therefore to assess)gh

A common way to estimate the performance of a laparoscopetandardized benchtop protocol, the influence of roba-kin
positioner is to carry out a small clinical study. Most contmematics and human-machine interface on the motion perfocman
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of laparoscope positioners. More precisely, we want (1ptoc revolution passing through the entry poiheft—RightandUp—
pare the EVOLAP kinematics with the other available sohdio Downpan motions of the images with respect to the monitor).

the surgeon should control. The paper is organized as fellotrinsic coordinate system, defined by its longitudindsand
The next section presents the two characteristics of |@gape e two principal directions of the camera chip (corresfogd
positioners that are studied. Section Il describes initietlde \ith the horizontal and vertical borders of the monitor) isTis
experimental methodology that was designed to assessflire inyhat all surgeons and residents do when they hold the laparo-
ence of these factors on motion performance. Results ofta f'ggope and camera in hand. For example, in order to shift image
campaign are reported in section IV and discussed in se¥tiony, the |eft, one has to move the laparoscope along the herizon
tal display border. The motion is regulated by visual feattba
from the screen and, to a lesser extent, by haptic feedback of
Many characteristics of laparoscope positioners have an ithe friction forces in the trocar that can help avoiding an un
pact on their overall performance — ease of use, ease of wanted zoom motion. Doing that, the user revolves the laparo
stallation, safety, intuitiveness, etc. Size and weigftiance scope around an instantaneous axis located in a planegd@oall
both installation duration and ergonomics for the surgieai, the camera chip (and, therefore, normal to the longitudiné
as room is scarce around the patient. The need for alignmehthe laparoscope) passing through the incision.
of a remote axis or center of rotation with the incision alge €  The AESOP induces the same laparoscope motions. At a
tends the installation procedure. All those elements auicfal  given time step, knowing the relative orientation of theslap
usability; yet, they play only a minor role on the quality af | scope with respect to the table (carrying the robot base)sah-
paroscope (and image) motion. troller determines the instantaneous axis of revolutispuired
Several other factors influence motion more directly: stiffor the desired motion and moves the laparoscope around it. A
ness of the robot frame and linkages, quality of actuatots afhe end of the controller time step, it recomputes the tamsf
transmissions, presence of passive (free) joints in therkatic mation matrix to the new local coordinate frame and contnue
chain, length of the acceleration and deceleration pha&ses, motion around the refreshed instantaneous axis, and so-on un
These characteristics can induce vibrations or backlastretie tj| the user stops the motion. Since the instantaneous dxis o
a source of undesired motions during or shortly after ted€op revolution can have any orientation with respect to theetabl
ation. However, they are mainly linked to the quality of desi coordinate system, three independent actuators are egair
and implementation. make the laparoscope swivel. The controller must also parfo
Choosing the kinematics has probably a more significant ifeal-time kinematic computation to get the laparoscoptins
fluence on quality and intuitiveness of motion, whatever thaneous configuration and achieve the desired motion.

quality of implementation. Indeed, the laparoscope shalid 4t other robots do not move the laparoscope in this intrin-
ways move in the direction desired by the surgeon. This seeg)s laparoscope frame. Instead, they use a hybrid combmati
obvious but section II-A will show that it is not always guarys fived and mobile axes of revolution: one foeft—Rightmo-
anteed. Surprj;ingly enough, the few kinematics gsed in 5n, and a second fodp-Downmotion. The wide majority
paroscope posmoners have _not been compared_ yetin any. sty hese can be sorted into two groups. Robots of the firstggrou
Kinematics is therefore the first factor analyzed in ourgtud 56 5 fixed eft—Rightaxis that is essentially vertical, and a mo-

A wide variety of control interfaces are also used to drivije yp_pownaxis that remains parallel to the horizontal vector
these robots. It seems obvious that not all interfaces geoviys ihe laparoscope frame (see Fig. 1a). EndoAssist, Fre&:Han
equal performance and intuitiveness due to many charactejiky, and the video arm of da Vinci S and Si systems belong
tics (detailed in section 11-B below). But, again, one infliar 1, this group. Robots of the second group, on the contrawg ha
ular should have a major influence: the number of motions inygpije L eft—Rightaxis parallel to the vertical vector of the
which the laparoscope can move. Indeed, since no part'cq?ﬁaroscope frame and a fixegp—Downaxis (see Fig. 1b) that
motion direction is preferred in the abdominal cavity dgria-  |iag parallel to the ground. The second group includes EVBLA
paroscopic procedures, a too small number of controllabded VESALIUS, and LapMan. VESALIUS can also be operated
tions could increase motion duration and reduce intuissn \ith switched axes: the fixed axis foeft—Rightmotion and the
This second factor will also be studied below. mobile axis fortUp—Downmotion (with the laparoscope turned

Furthermore, it is not sure whether the same number of cqf}; 99 degrees). Note that some robots have actuators placed d
trollable directions is required for each kinematics tofpen ectly on the axes of revolution, while the others use a remot
well. As a consequence, these two factors will be studied t9snter-of-motion mechanism (e.g. with parallelogranmairty
gether. The rest of this section will now describe in dethiése belts, gears) to achieve the same result. In addition, s@ee u
two factors and the most widespread alternatives for eaeh ongne actuator for each basic motion, whereas others haverto co
bine the motions of both motors. Yet, these consideratioas a
related to the internal robot kinematics and control, anck e

A laparoscope, like any instrument for keyhole surgery, hagluence on the overall laparoscope kinematics (with resioe
only 4 degrees of freedom (DOF) since two translations age pthe table and, most of all, to the patient lying on it). It igité-
cluded by the constraint of passing through a small incigion fore out of the scope of the paper. The interested readerman fi
the abdominal wall. It can be moved forward and backwaed more detailed review and discussion of existing kinersatic
along its longitudinal axiszpomof the images), rotated aroundused in minimally invasive surgical robots (not only laparope
it (self-rotatior), and swiveled around two orthogonal axes gfositioners) in [15].

II. CHARACTERISTICS OFLAPAROSCOPEPOSITIONERS

A. Kinematics
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igate the laparoscope in real-time until the surgeon dsdide
stop motion.

Several characteristics of human-machine interfaces aave
impact on motion quality and duration: response time, liegrn
curve to get used to it, accessibility, rate of order rectigmier-
ror, mental concentration required to avoid an unwantedanpt
etc. Again, these characteristics mostly depend on the qual
ity of hardware and software implementation of the integfac
The number of controllable motion directions has probably a
large influence on motion duration and intuitiveness. lagdee
(8) ViKY-like kinematics —Left—Rightaxis fixed. although the image can be panned in any direction by hand,
the wide majority of available robots only allow fully-daguled
Left, Right Up, or Down(Cartesian) image shifts, regardless the
technology of interface. Increasing the number of cordtué
directions is therefore likely to decrease motion duration

To be comprehensive, it should be mentioned that a second
approach could be followed to improve the motion perfornganc
Instead of controlling the camera in real-time, it is poksio
give the robot a target, and to let it move autonomously until
the desired position is reached. Several teams have detlop
image processing systems that locate the position of thriins
ment end-effector and keep it within a prescribed regiorha t
image [16—-18]. The surgeons line of sight towards the monito

(b) EVOLAP-like kinematics —p-Downaxis fixed. can also be computed from eye- or face tracking systems [19].
However, these solutions suffer so far from lack of robussne
Fig. 1. Laparoscope kinematics with the two most commathich is a major safety issue. Moreover, from our experience
architectures using one fixed rotation axis. surgeons prefer real-time control of the robot to triggeaed
tonomous motions.

Therefore, this study will only focus on the first approach, i
?\ich the surgeon controls the motion continuously untithe
decides to stop the camera. Three sets of directions wilbbe ¢
ipared: Cartesian directions, Cartesian directions walyainals,
and omnidirectionality.

<
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<
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The main difference between AESOP and robots of these tw
groups is that the latter have only two actuated axes to nieke
laparoscope swivel around the entry point. However, theéra
in which the laparoscope is moved is not always aligned usth
own intrinsic frame. Therefore, in some configurations @hhi
vary between the two groups), the actual laparoscope modion
be different from the one desired by the surgeon. This effact
of course impair the performance. In this paper, we comere t As explained above, a single robot should be used for an ex-
performance obtained by three different kinematics: AESOPerimental comparison of these two factors. It permits to ex

Ill. EXPERIMENTAL SETUP

like, ViKY-like and EVOLAP-like. clude all uncontrollable sources of variability betweeffed
_ ent devices (e.g. maximum laparoscope velocity, accéderat
B. Human-Machine Interfaces and deceleration duration, reaction time of the interfadéje

Direct interaction between the robot and its user is a funda-
mental characteristic of medical applications. It is esgbc
important when the surgeon has to control the robot in ries-t
during a procedure. During laparoscopy, the surgeon usibs k£ ¢
hands to handle instruments. The interface must thereflome a fes
him/her to drive the laparoscope without having to release t°
instruments.

Footswitches equipped early versions of AESOP and VIKY.
appeared quickly that they cause stability problems fouer.
Furthermore, various surgical devices (e.g. electroisalin- &=
struments) are operated by pedal and confusion might ocq
Voice control replaced them conveniently, as surgeons sed u
to order image motions by talking to the assistant who hdids f
scope. Tracking of head motions by means of acceleromet
or gyroscopes is also used to control robotic camera pasitic
ers (e.g. EndoAssist, FreeHand). Many university protesyp
work with a miniature finger-operated joystick mounted o@ t
instrument, since it is cheap, reliable and easy to interfgith
robots. All these control devices are generally designethto Fig. 2. Experimental setup.
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EVOLAP robot was therefore upgraded to become capable
reproducing the three desired kinematics. The experirhe
setup built around it is depicted on Fig. 2. It comprises a BZO
laparoscopic system (laparoscope, camera, video unithra-m
tor, and a pelvitrainer with a specific task placed inside. %
After a short introduction to the EVOLAP robot, this sectio
presents its mechatronic upgrade, the proposed task, tfoa-pe
mance metrics, the statistical methods used to processethe
sults, and the experimental protocol of the first campaign.

A. The EVOLAP Robot

The EVOLAP laparoscope positioner is a table-mounts
robot developed at UCL by researchers from the CEREM a
the department of gynecology, in collaboration with the Mon
pellier Laboratory of Informatics, Robotics and Microdlen-
ics (LIRMM, Université Montpellier 2 — CNRS, Montpellier,
France). It consists of three main components (Fig. 3):

« A main 2-DOFremote manipulatogenerates the angular mokinematics of the main 2-DOF remote manipulator does not re-
tions of the laparoscope around the incision. Its architeaises quire any alignment with the insertion point of the lapaoyse.

a combination of orthogonal parallelograms to translagestind-  Priority can thus be given to the optimal placement of the sur
effector onto the surface of a half-sphere, producing dledta gical team around the patient, the robot being positioned co
‘circular translations’. veniently next to them on the suitable side of the patient, re
« This motion is then transfered to the laparoscope Ipas: gardless of the insertion point of the laparoscope, or tipe ty
sive lockable armvia two orthogonal passive joints. The distabf procedure. Table mounting allows a change of table set up
end of the arm reproduces the circular translations abavpah during the procedure without requiring any robot adaptatio
tient, and the laparoscope swivels passively thanks todahsiye re-positioning.

joints and the constraint of the incision point. The arm Has a  The prototype includes an instrument-mounted joystick tha
several joints that can be unlocked for adjustment duristaln  allows the surgeon to teleoperate the robot in any directiwh
lation, once the main manipulator has been secured on thee takith proportional control of the angular velocity. The canit

in a convenient position. algorithm is implemented in a Matlab/Simulink block diagra

« A local zoom devicdocated at the end of the lockable armbn a standard Windows-based computer. It runs at 200 Hz on a
translates the laparoscope inside the trocar without artjomo dSPACE1102 real-time controller board embedded in the com-
of the arm. puter and equipped with analog and digital I/O’s.

This decoupled architecture is capable of producing large
intra-abdominal displacements of the lens with limitedabb B. Mechatronic Ugrade of the EVOLAP Prototype

motions above the patient's abdomen. The particular @@l¢r  The current EVOLAP prototype possesses only two actuated
revolute DOFs to make the laparoscope swivel around the inci
: sion. The laparoscope is fastened to the zoom device in such
e a way that it can only be translated. Self-rotation is thewed
precluded in normal use. Therefore, the mechatronic strect

of the prototype had to be adapted so as to be able to repro-
duce the three kinematic behavior described in section (A
AESOP-like, (2) ViKY-like, and (3) EVOLAP-like.

Since all kinematics induce the zoom motion by a pure trans-
lation of the laparoscope along its longitudinal axis, weide
to exclude this motion from the study. The zoom device was
replaced by a local rotation device designed for the purpbse
this study (see Fig. 4). It motorizes the self-rotation o th-
paroscope by means of a Maxon EC16 brushless motor with a
GP16 planetary gearbox (84:1 ratio) and 10:1 gears. Thid thi
revolute DOF allows to pivot the laparoscope around any axis
of revolution. In this way, the laparoscope motion can be-con
trolled in the three specific coordinate frames that we want t
compare.

The two additional kinematic models were computed and im-
plemented in the Simulink control scheme to map the external
Fig. 3. The original EVOLAP prototype with remote 2-DORaparoscope kinematics described in section I1-A with tie-a

manipulator mounted on table, local zoom device, lockabiged joints of the modified EVOLAP prototype. The control al-
arm and instrument-mounted joystick. gorithm was also modified to use a single joystick with theg¢hr

Fig. 4. Local rotation device designed for the study.

local zoom
device

lockable arm

2-DOF remote _—>

manipulator
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sets of directions (i.e. Cardinal directions, Cardinaédiions  The circular targets are grouped six by six in sort of stars,
with diagonals, and omnidirectionality). each group being located at a specific extremities of the {sym
The instrument-mounted joystick was replaced by a Nintendeetric) intra-abdominal workspace that can be reached &y th
Wii Nunchuk, whose ergonomic qualities are widely recogsgompared robots during a surgical procedure (i.e. bottemer,
nized. The goal was to minimize the learning phase that coutip-center, and top-left). The three stars are identical m-

possibly be longer with the instrument-mounted joystick. posed of five straight lines of equal length. Targets aregulac
in such a way that the lines range from 5 to 95 degrees with re-
C. Task spect to the vertical, with angular increments of 22.5 degyre

The task that was designed to assess the motion performavnecretlcal’ horizontal and diagonal directions were avoidetiin

is inspired by Yavuzt al. [13] and Nebott al. [14]. A series ?ogcr)(t)sl,jgén ﬁl;h?#gh rtr:]ie)r/\tar:gt rggrre:err;tsélxg t?\remg:‘a\}vr?;? ;Isgle
of eighteen numbered circular targets linked by straigihgdi  they mig P y

. ; hqulddo since no direction of motion is privileged inside the
are organized on a sheet of paper (see Fig. 5). The Sheegtg%omen. This is especially true for small adjustment nmatio

paper was cut in L-shape and fixed on a spherical supportglage e i .
inside the pelvitrainer. The radius of the sphere was seft tomi etween steps of a specific surgical task (e.g. coagulatidn a

. S . : . cutting, suturing). When performed by hand, large camesa di
and its center coincident with the pivot point of the lapaoye | f h ft
in the pelvitrainer. The laparoscope distal tip was ingkdge placements to move from one organ to another are more often

. . decomposed of a Cartesian motion followed by a small adjust-
10 cm from the center of rotation, and the optical zoom of the .. ) T
ment in an undefined direction. Therefore, the three grofips o
camera was set so that no black corners appeared on the screén . : ;
. argets are aligned horizontally and vertically.
edges. At the center of the monitor, a red paper dot was glue

with a diameter approximately twice smaller than the digpia ordinate system. The arrow pointing towards left lies, when

circular targets. : : Lo . .
The qoal is to move as fast as possible the laparoscone fr(c:)urved on the spherical support in the pelvitrainer, in ari-ho
9 P P Pe MO0 tal plane parallel to the ground, the table, and the roase.

ggfi;ﬁ;g?ééoat?; ngxtrzges’t\rlgithh? I;/neez Szg\rlteztr??h\g:f%éhe "he arrow pointing downwards defines a vertical plane normal
get. 9 v to the ground and parallel to the longitudinal side of theotob

intend to help the subject find quickly the next target, butrae The pelvitrainer was only placed in a raised configuration of

Jefcttr(])rylwas prescribed betv;/etzerétze targets. The ang;lmmjelh acgout 35 degrees with respect to the table to avoid any iowilis
of the laparoscope was set to 8 degrees per second (reac Hetlleen the rigid perlvitrainer top face and the local iotat

0.2 s from rest), which turned out to be a good balance between . - .
speed and accuracy regarding the task difficulty. ae@wce, which s quite bulky.

he angular positions in Fig. 5 are relative the world co-

D. Performance Metrics
Y N T 1 The main metric is naturally the amount of time required to
- 4 complete the task. The recording of the task duration is full
automated, to avoid any variability in reaction time frone th
user that should start when a light flashes or a sound beeps, or
from a supervisor that should synchronize a stopwatch nignua
when the robot starts moving. The stopwatch integrateden th
dSPACE real-time interface starts when the subject usgeyhe
stick for the first time. It stops when the robot stops movirittpw
the image centered on the last target. The task duratiorers th
,,,,,,,,,,, displayed for manual recording in an Excel table and analysi
the learning curve (see section IlI-F below).

Besides the task duration, which has a 0.01 s precision, sev-
eral parameters are recorded at 10 Hz if a further inve#bigat
is required: angular position and velocity of each actuaiad,
input signals acquired from the joystick, kinematics andjk
mode, task repetition, start time, and several internahlbes.

During one preliminary trial, the laparoscopic image was
video-recorded, as well as an external view of the setumae a
lyze visually the differences in motion between all comitiwras
of factors.

End point

E. Statistical Analysis

_ / —75° The data were analyzed using General Linear Model (GLM)
Start point v with JMP 9.0.3 and SAS 9.3 statistical softwares. The model
contained the following effects: subject, kinematics, sjigk
Fig. 5. Trajectory used for the experiments, composed @€thimode, and all the two-factors interactions. Kinematicy- jo
groups of equally-spaced circular targets, each groumbeitick mode and their interaction were defined as fixed faétors
located at a specific extremity of the workspace. the ANOVA. Subject and its interactions with the fixed fastor
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TABLE |
SUMMARY OF TASK DURATION [S] DURING THE FIRST EXPERIMENTAL SESSION

Kinematics ViKY EVOLAP AESOP All robots
Joystick mode Mean (SD) Mean (SD) Mean (SD) MeanLSc®  Logic®
Cartesian 65.67 (3.54) 56.88 (4.37) 53.64 (5.92) 58.73 38.3.7659
Diagonals 55.75(2.06) 47.85(2.80) 45.17 (2.87) 4959 29.3.6930
Omnidirectional 53.20 (1.57) 45.17 (2.80) 43.03(3.70)  147. 46.85 1.6707
All joysticks Mearf 58.21 49.97 47.28

LSq 57.92 49.62 46.90

Logio 1.7628 1.6957 1.6711

2Mean for one joystick mode with all robots.

bleast squares mean computed from the model fitted on dataéojogstick mode with all robots.
CLogarithm of the least squares mean used for the Tukey H3D tes

dMean for one kinematics with all joystick modes.

were defined as random. In other words, results of all subjeatation, as presented in Table I. The Tukey HSD test showed
were analyzed together for each kinematics-joystick maule c that the use of ViKY-like kinematics leads to a significamtder

ple. The model was solved using REML (Restricted Maximumask duration than EVOLAP-like and AESOP-like kinematics
Likelihood). The Tukey HSD test of multiple comparisons wag = .0005 andp < .0001, respectively). EVOLAP presented a

used to compare modalities of significant factors. longer task duration than AESOP but this difference wasiget s
nificant (p = 0.1). The three joystick modes appear to be signif-
F. Protocol icantly different from each other, the Cartesian mode prizsg

For this first experimental campaign, six subjects were r@longer task duration than Cartesian with diagonals (0001)
cruited. They are all researchers in mechatronics at theEMER and the omnidirectional mode a shorter ope<(.0025).
with no previous experience of laparoscopic surgery or tiobo
camera holder. All of them had experience in video gamesg;-ran V. DiscussioN

ing from a few times over the past ten years to several hours gs expected, not all kinematics and joystick modes are equal
day. The session with the first subject was used for testidg a@garding the motion performance. The increase of time re-
tuning the whole protocol and therefore not analyzed. quired to complete the task with the slowest kinematicsgiok
Each subject tried the kinematics in random order. For eagfbde couple is nearly 50% of the average task duration with th
kinematics, the joystick modes were also selected in ranmem fastest couple.
der. Four valid repetitions were required for each kineasati ~ AESOP-like kinematics is the most efficient and also the most
joystick mode couple. To exclude any learning effect on thgitive, since it allows the control of the camera motiatis
statistical analysis, a learning curve for each couple veaB-C rectly in the image directions whatever the instantanesyparb-
puted with a Matlab script after each repetition. If a leagi scope configuration. The ViKY-, EndoAssist-, and FreeHand-
effect was detected, trials were repeated until 4 repastioere |ike kinematics, on the contrary, is the slowest. Its bebavi
performed after learning. is close to the AESOP-like kinematics when the laparoscope
remains nearly parallel to the table plane. However, stbjec
found it pretty difficult to maneuver properly and efficigntl
Table | summarizes the results of the experiments. Meaen the laparoscope becomes too vertical. In this configu-
value and standard deviation are presented for each kifematration, it tends to align with the fixeteft-Rightaxis and be-
joystick mode couple over the whole subjects populatiog. & come close to singularity. A Left of Right order will thereéo
is a graphical representation of these average resultde witad to a self-rotation around the laparoscope axis rakizer &
Fig. 6a—e depict individual results for each subject. sideways translation of the images on the monitor. EVOLAP-
The ANOVA performed on modeled means value and aftéke kinematics offers performances between the two otheds
logyo transformation (not presented in Table | for clarity) shownd to be close to AESOP-like results among 3 subjects (see
that factors kinematics and joystick mode are significant:( Fig. 6). The narrowing of angle between the laparoscope axis
.0001) while the interaction between these two factors are nand theUp—Downaxis when approaching lateral borders of the
significant @ = 0.43). This absence of interaction means thavorkspace seems to penalize less the performance. This kine
the difference(s) between the kinematics are the same wdratanatics could therefore offer a good balance between mecha-
the joystick mode and that the difference(s) between thetiichy tronic complexity (without motorization of the laparosecgelf-
modes are the same for each kinematics. rotation) and performance in terms of motion duration arsea
As a consequence, the Tukey HSD test could be performefduse.
on global modeled mean values (of all kinematics together fo Regarding the number of controllable motion directions, it
each joystick mode, and vice versa) again aftefddgansfor- appears clearly that restricting to Cartesian directiorg dete-

IV. RESULTS
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Fig. 6. Results of the trials. Graphs (a)—(e) depict thelte$or each subject, with each repetition for the same jogshode in
order of occurrence and plain lines joining the mean value#eh joystick mode. Graph (f) shows the results for all sciisj
with plain lines joining the overall mean value and vertiba¢s showing the standard deviation.
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riorates the motion efficiency. The advantage of adding the d
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