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Dermarob: A Safe Robot for Reconstructive Surgery

Etienne DombreMember, IEEEGilles Duchemin, Philippe Poignet, and Francois Piei$enior Member, IEEE

Abstract—This paper presents a novel and safe robotic system
for skin harvesting, the first one in reconstructive surgery. It is
intended to significantly improve the performance of surgeons ,
who do not regularly perform this operation; the tool, called der- St mator
matome, is mounted at the tip of a dedicated robot that precisely
controls the pressure on the skin and the harvesting velocity.
In this paper, the harvesting task is analyzed and the safety
constraints are summarized. Then, the mechanical structure and
the functions of the control system are described. Finallyin vivo
experimental results on pigs are reported and discussed.
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Index Terms—Medical robot, reconstructive surgery, skin har-
vesting.

I. INTRODUCTION

KIN harvesting from the human body for grafting purposesig. 1. Two models of dermatome: (lefty embedded motor; (right) remote
equires highly accurate gestures and is physically very deetor; the blade is underneath.

manding for the surgeon, due to the efforts he has to exert. This

technique aims at harvesting a constant thickness strip of skin@y¢ ¢overing all the surface to be shom, and to manipulate
few tenths of millimeter) with a “shaver-like” device, calldér- o sheen into the shearing positions. In the medical field, the
matome(Fig. 1). It requires a long period of training and has t),sest devices are our Hippocrate system [2] and the ultrasound
bg regularly practiced (for instance, for orthopedllc_phyS|C|a Sbot from UBC [3], both dedicated to performing ultrasound
this ge§ture may nc_>t be completely mastered, as It IS nota daal ¥ery examinations. With the former, the probe applies a con-
operation). According to the burn degree, skin strips may Re, ¢ force on the skin along a discretized point-to-point path.
harvested from different locations on the patient, mainly th|ghﬁ1 the SCALPP project, the force applied is much higher, de-
buttocks, head (thus, scars may be hidden by hair). Becaus?o%qing the skin along a continuous path.

their shape, some of these locations are more .dlffI.CLI|t to har--l-hiS paper describes the approach which has led to the design
\{est: These features h.ave.been analyzgd and justify the rogﬂhe Dermarob system: a task analysis has been done with sur-
tization of skin harvesting in reconstructive surgery. The gogh,ns performing on pigs, and feasibility experiments have been
of the “Systeme de Coupe Automatise pour Le Prélevement g, \ i, 5 pa-10 robot, showing that the task could be robotized
Peau” (SCALPP) project is to embed part of a specialized Sz, an appropriate position-force control scheme (Section I1).
geon skill in a robotic system (a.k.a., the commercial name gf, vever, due to safety requirements, we have chosen to design a
Dermarob). Thus, this Sk'”_ wil b_e brought.to othgr SUr9€0N34\ el robotic system instead of refitting an industrial one, as jus-
who do not reg“'a”y practlf:e skin _haryestlng. Th_'s Project i%ied in Section Ill. The safety constraints have been analyzed
run together with Lapeyronie Hospital in Montpellier, Franceyq yransiated in terms of mechanical, hardware, and software
and SINTERS, a French engineering company. specifications. These specifications combined with the desired
_ The closest application to skin harvesting that was ever rolgs , metric and kinematic performances have resulted in the me-
tized was probably sheep shearing in the 1970s, thanks to Ip@ nica| design described in Section IV and the control archi-
well-known Oracle robot, later improved by the Shear Magig .y re described in Section V. The project is currently in the

robot [1]. However, the clippers had to be kept at a safe diggsessment phase on pigs. Experimental results are presented
tance from the skin and the difficulty was more to predict thgnd discussed, respectively, in Sections VI and VII.
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N Besides, the cutting depth of the dermatome is mechanically

limited (Fig. 1). Therefore, and up to a certain threshold value,
the thickness of the skin graft depends on the normal force
exerted. The surgeon adapts his force to a value beyond this
threshold to make sure that the skin graft will have a regular
shape and no hole. The threshold value depends on the patient
and on the nature of tissues underneath the harvesting location.

Finally, the feasibility study [4] has also shown that it is
mandatory to control the contact force componéft and
moment component&/,,, M,, which require an actuated arm.
Besides, the complex motion of the dermatome against the skin
requires six degrees of freedom (DOF).

Ill. SAFETY ISSUES

The key objective of medical robotics is to design, manufac-
ture, and control intelligent devices aimed at improving health
care and quality of life [5]. But one of the major characteris-
tics of medical robots is also to strongly interact with human
environment (i.e., with possibly trained and/or (especially) not
trained people who can have unpredictable behavior).

Robots in the industry are usually isolated from the workers
who receive an appropriate training to interact with them. This
is completely different in the operating room (OR). In [6], the
authors state the constraints of a surgical environment: 1) the
Fig. 3. Surgeon performing skin harvesting on a pig. work has to be done on a human being with soft tissues; 2) the
environment is usually unstructured; 3) each task and its execu-

A feasibility study [4] has shown that the surgeon motioHon is specific to the patient; 4) the robot has to be transportable
could be divided into four steps (Fig. 2). During the initializatio? @nd out of the OR; 5) its dimensions have to be reduced; and
step (step 1), after the contact is reached, the surgeon oridially, 6) each component has to be sterilized.
the dermatome about tl’waxis and presses it a|ong theaxis The first robots used in surgery were industrial robots modi-
(normal to the skin) in such a way that the blade penetrates fifd to increase their safety [7], [8]. Today, from a safety point of
skin; when the first cut is obtained, he reorients the dermatori€W, mechanical arms involved in medical robotic applications
about they axis so that the blade plane comes into full conta@fe of three types depending on their level of autonomy [9]: 1)
with the skin (step 2); in these two steps, there has to be as liff@ssive arms, that are nonactuated and have no autonomy; 2)
motion along the: axis as possible; then, the harvesting proce§gMmiactive arms for which the contact force is produced by the
begins, consisting in a motion along theaxis while the blade Surgeon, not by the robot; thus, either the power is cut off during
plane is kept against the skin with a roughly constant contd@itical phases of the tasks (Neuromate from ISS), or the actu-
force (step 3); finally, the surgeon frees the dermatome by doiﬁg)rs are used to constrain certain directions of displacement.
a quick rotation about thg axis (step 4). This is done by reflecting a variable force to the surgeon, for in-

Experiments have exhibited that during step 3, the contgdgnce in PADyC [9] or Acrobot [10]; and 3) active arms where
force exerted by the surgeon alonganges from 40 N up to Most of the joints are actuated, thus performing part of planned
100 N; the torque aboutis rough|y zero, meaning that the Sur.taSkS on their own (RObOdOC from ISS, CaSpar from URS Ortho,
geon keeps the dermatome blade in close contact with the sl@ig-) or in ateleoperated mode (Zeus from Computer Motion, da
The harvesting velocity is lower than 5 cm!s Fig. 3 shows the Vinci from Intuitive Surgical).
experimental set-up: a six-component force/torque (F/T) sensoAs mentioned in Section Il, skin harvesting requires force
(Gamma F/T transducer from AT|) is inserted between the SLﬁOﬂtrOl, thus an active robot. Such a robot should ensure a h|gh
geon’s hand and the dermatome; the velocity is measured aldig! of safety in order to be used in an OR. As suggested by
= using a wire rope transducer (ASM Sensor) attached to tR@vies [5], a medical device should be designed considering the
dermatome. This set-up is rather cumbersome, but provedf@dowing principles.
be satisfying to evaluate rough ranges of variation of force and1) Redundancy in control and sensing. However, redun-
velocity. Two strategies have been exhibited from the analysis  dancy raises the number of components, thus increasing
gathered from the experimental data, depending on whether the the complexity of the system, which finally decreases its
velocity is kept constant over the step 3. In one strategy, the ve-  reliability.
locity is modified according to the force along but then, the 2) Intrinsic safety obtained with classical components such
fact that the power dissipated along this direction (computed as  as actuators with limited power and/or speed; high-reduc-
the productF, i) is almost constant can be verified. Another tion gears such as harmonic drives (for their low backlash
strategy for the surgeon is to keep a constant velocity. and flexibility and for their high efficiency); a “Dead Man




Switch” (DMS) foot pedal, used by the surgeonto autho . . - A A - A -
rize motion of the robot; watchdog board checking the ¢ 71" 72 i - i

activation of the control system. \—49\—-4 H\JH
In Dermarob, both approaches have been combined [2], [1: V 3 U 4
Specific mechanical, hardware, and software features have be ‘{A :
added to provide an intrinsic reliability and safety to the whole g O

system, as emphasized in Sections IV and V.

IV. MECHANICAL DESIGN

Kinematic and geometric dimensions of Dermarob have be¢ L
% Xy Xpo Xop X

specified with following various constraints. ry .

1) For asepsis considerations, no nonmedical equipment mi 3 r, o
be closer than 400 mm to the operating table.

2) The length of a zone to harvest may vary from a few mil :AO i X
limeters to 400 mm (which corresponds to the length of . ? 4
thigh); the orientation change of the dermatome may be L

to 90° about they axis (when harvesting a skull), and a few

degrees about theaxis (Fig. 2).
3) The robot might be set up on either side of the operatin

table. Thus, symmetrical joint limits would be preferred.
4) Good accessibility to the dermatome handle is needed. \
5) The robot should be able to move along a path withot Y

crossing singularities and reaching joint limits.

Under these constraints, a dedicated architecture has begm. Geometric architecture of the shoulder and the wrist.

designed [12]. Two types of shoulders were first considered:
anthropomorphic and SCARA. Anthropomorphic architectures TABLE |
present two main drawbacks for the application at hand: their Mobiriep DENAVIT—HARTENBERG PARAMETERS [14] FOR DERMAROB
workspace is spherical; and under gravity effect, the robot could

z

collapse and hurt the patient, especially if a power cutoff oc- ¥ o d; 0; I
cured. The advantage of a SCARA shoulder is that its cylin- 1 0 0 0 n
drical workspace is less wasteful, and the gravity may be com- 2 0 0 6, 0
pensated by a simple counterweight if the prismatic joint is the 3 0 400 63 0
T g . . 4 0 400 9 345
first joint of the shoulder (no specific brakes are required). Fi- 4

o . 5 2 0 05+ 72 0
nally, a CAD study has shown that the accessibility to the points 6 2 110 N 0
of typical harvesting paths was better with a SCARA than with Tength in mm. b

an anthropomorphic shoulder of equivalent link lengths. There-
fore, a SCARA architecture has been preferred. One could then
wonder which axis would be made prismatic, since the firg§ingularity of the spherical ones when fully extended [12],
third (or fourth), and sixth are possible candidates. This robag Trevelyan already did for the Oracle robot [1]. The wrist
was designed with the first joint prismatic for the following reapresented in Fig. 4 validates this constraint since the only
sons: as aforementioned, gravity is easy to compensate; thesiggularity appears on the fifth joint wheh reachest 90°,
cessibility to the dermatome handle for the surgeon is betteyhile providing sufficient joint range.
and the volume swept by the arm during motion is more com- As a consequence, Dermarob features a single singularity in
pact and regular since it does not depend on extension of a g workspace (whefl; = 0, i.e., when the arm is fully ex-
translation. It can be argued that the prismatic joint carries ttended). A closed-form solution for the inverse geometric model
entire weight of the robot, which makes good force control mo(eGM) does exist, since the robot has a prismatic joint and a rev-
difficult to achieve along the vertical direction. However, this islute joint with parallel axes [13]. Theoretically, four solutions
not critical, since the forces exerted by the dermatome are mesult from the IGM computation, but two of them are out of
restricted to this direction. the joint limits and only two configurations are available (“left
We have also evaluated the advantages of placing the robfitow” or “right elboow”). The equations of the direct and in-
either on a track fixed to the ceiling, or on a support on theerse geometric models can be found in [12].
ground. A surgery room is usually cluttered with many pieces of The dimensions of the arm, expressed with a modified no-
equipment and some of them are already hung from the ceilingtion of Denavit—-Hartenberg as defined in [14], are given in
thus discarding the ceiling-mounted solution. Table I. The arm is mounted on a mobile cabinet containing the
For the wrist, different nonspherical architectures hawntroller as shown in Fig. 5. Specifications of Dermarob are
been investigated. Their advantage is to eliminate the classigaien in Table II.
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the use of stepper motors does not affect the global reso-
lution of the robot (0.02 mm as indicated in Table II).

4) Joints 2-5 are equipped with two absolute sensors (re-
solvers) per joint, one mounted on the motor output shaft
for fine position sensing, and the other one mounted on
the output reduction gear for coarse sensing. This com-
bination of resolvers suppresses time consuming and po-
tentially hazardous initialization procedures.

5) The cables are embedded in the wrist.

6) The shoulder is backdrivable, thus quickly and easily re-
movable from the operating field.

V. CONTROL SYSTEM

The control system is stacked in a compact cabinet mounted
on wheels which can be easily moved in and out of the OR.
It contains four racks: one with a 550-MHz Pentium industrial
PC running under the Real Time and Multitasking Operating
System (RTMOS) QNX for the high-level control; another with
the resolver and translator boards for the control of the stepper
actuators; a power supply rack; and the last one with the logical
unit formatting the input/output (1/0) signals between the user

TABLE Il interface (Ul), the switches, the light signals, and PC boards.
SPECIFICATIONS OFDERMAROB

Fig. 5. Dermarob arm and the control cabinet.

Controlled axes 6 axes: PRR-RRR

A. Ul and Operating Modes

1] 400mm (100 mm/sec) The Ul has been developed in close cooperation with sur-
. 6,  240°  (10%sec) geons in order to provide user-friendly tools for the robotic

Motion range 83 300° (15 “/scc) system. It consists of three main control structures: a console
(Maximum velocity) ) 440° (60 %/sec) Yy : g ol .

64 140° (60 “Isec) desk that enables bilateral communications between the user

62 150° (80 “sec) and the robot; it is made up of three sets of control buttons:
Maximum velocity at the tool tip 100 mm/sec one to cancel and validate actiors ¢. andenter), another to
Maximum load capacity at wrist 130N decrement and increment force applied on skira6d+) and a
a‘a"“’t‘;‘;‘_‘l}t"adlm°me“‘ at wrist 551 Tn'; last one to control the armefart, free andreconfig.); Sev-

epeatability along z . . . .
Resolution 0.02 mm eral I_|gh_ts powered, active, andfault) and an LCD display
Weight Arm 55Kg that indicates the current mode and the faults detected; and a
Control cabinet 200Kg DMS that authorizes arm motion.

A careful analysis of the skin harvesting task has led us to
choose four operating modesmanual mode for teaching; an
Safety constraints have led us to choose suited technologiggl onatic mode for harvesting; @econfiguration mode
components as follows. for crossing the elbow singularity; andt@ee mode for safety
1) Each motor has been chosen to minimize the power tramsguirements. In theanual mode, the arm is compliant (the
mitted at the joint level. desired effort is set to zero) and can be programmed using a
2) The reduction ratios of the harmonic drives range froteaching-by-showing procedure. The surgeon moves the robot
120 up to 160. on the initial pose on skin, then on the final pose by holding
3) Stepper actuators have been selected: the main reasahésdermatome handle and activating the DMS. The poses are
that with conventional dc or ac motors, the rotation speexticcessively recorded (or deleted) by pressing on+thgr
of the shaft depends on the voltage output level of the) button. The teaching sequence is validated (or deleted) by
servo amplifier. If a fault occurs, the motor still goes ompressing thenter (or esc.) button, which switches the system
rotating. On the contrary, stepper actuators need pulsendheautomatic mode: first, the surgeon selects a desired force
rotate. If the output of a translator is stuck to a constafar harvesting (from 0 up to 100 N); then, as soon as he activates
value, the motor shaft would receive a holding torque, préhe DMS, the dermatome motor is switched on and the robot
venting it from rotating. These stepper motors have a higitarts the harvesting sequence as indicated in Fig. 6£Tbe
resolution thanks to a microstep control mode (resolutionode enables the surgeon to move the robot without force con-
of 64 microsteps for each step). The motors selected havel thanks to the backdrivability of the shoulder. Any motion
200 steps per revolution, providing a 0.028icrostep within the joint limits can be performed since no axes are con-
resolution. Therefore, with a reduction ratio of 160, th&olled. This mode can be used to push the arm away from the
theoretical resolution is better than 0.003 mm. Practicallpatient in case of emergency or to drive it in a parking position.
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The application requires force control to move the armin bo Time [¢]

manual and automatic modes. The wrist (Fig. 7) is equipped . . . , ,
. . . 8. Comparison of harvesting on a spherical surface with and without
with a six-component F/T sensor (Gamma transducer from Addnroliing the pitch angle.

which allows measuring up to 130 N and 10 Nm with a resolu-

tion 0f 0.012 N anq 0.0003 Nm). Experiments on a _npnplanaged methods are [14] those involving the relation between po-
surface covered with foam rubber and coated with silicon ha

¥ftion and applied force (passive stiffness control [16] and active
shown that the F/T sensor was unable to measure the tddgue sfiffness control [17]), those using the relation between velocity

abouty accurately enough. Thus, it is not possible to contr%lnd applied force (impedance control [18]), and those using po-

the pitch angle), even on a flat surface, since a bump (functio it f f K lel hvbri trol 11 i
of the contact forcd'.) is developing ahead of the dermatomeEI lon and force feedback (parallel hybrid control [19] and ex

rnal hybrid control [20]).
Therefore, a laser telemeter has been added to measure the ‘é.g-s previously mentioned, due to the task constraints, a force

tanced betvyeen the wrist and the skin (Fig. 7). Before Startln(gontrol with force measurement is needed. Thus, the first kind of
Fhe haryestlng process (st.ep 3), a reference ”Teasqre‘m“" method is discarded since it does not make use of F/T measure-

IS acquwedMy_ls then estimated by the following simple Ob'ments. Among the remaining controls, impedance and parallel

server, wherd is a gain factor hybrid have also been discarded. Indeed, with the first one, it is
M, = k(d — dyef). (1) hotpossible to prescribe a desired wrench. Then, the second one

enables either force control or position control along a given di-

The trajectories of) and M, when harvesting on a spher-rection, but not both. The external hybrid control, composed of

ical surface are shown in Fig. 8. A steady-state region can ta embedded control loops, is the only suitable one for the ap-
observed at 10 s on the pitch angle with the laser telemeter béeation at hand. Here again, different schemes have been pro-
cause after the reorientation step (step d, Fig. 6), the robot p@sed depending on the space where the summation of compo-

to wait a few seconds for the efforts to be stabilized before beents is achieved (addition of joint torques, velocities, or forces)

ginning the harvesting motion. and on the position control (joint control by IGM or Jacobian
matrix, and Cartesian control).
C. Force Control External control with Cartesian summation between force and

Force control has been widely addressed in the past, and staisition components as well as joint control by IGM have been
of the art can be found, for instance, in [15]. The most commonthosen. The block diagram of Fig. 9illustrates how the controller
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works [21]. After appropriate transformation, the difference bt

twgen_the desired ar!d measur_ed force_s gives an incrément Fig. 10. Spectral density of the dermatome motor as a function of time after a
com

whichis used to modify the desired motidR“°™P computed by blade jamming at = 0 (A = 256).

the motion generator. S is a selection matrix that allows the sur-

geon to select the Cartesian directions along or about which the . ¢ h ific task: ity i des:

force and moment will be controlled. The closed-form solutioff!""'"g. ONe Tor €ach Specific task. securily, operating modes,

of the IGM computes the joint positions sent to the axis board | [ ¢€ communlcatlop; and translator contrqls. They run accord-
PMAC-PC board from Delta Tau). ingly to a ro_und-ro_bln mode and communicate using shared-
The key advantages of such a scheme can be summarized'§g'°" variables in the data bases. Each one can be read or

follows [22]: 1) the joint position servo loop is always activatedN”tten by authorized processes only. Of course, the safety vari-

providing stability and avoiding switching between the positioﬁbles havg a higher priority than_the qth_er ones. If_no fau_lt oc-
rs, the five processes are running within a sampling period of

loop and the force loop; 2) its performance is very satisfyin M i fault Il sof dhard
with simple and reliable (thus safe) control laws (such as a p mns. Moreover, every time a fauft occurs, all software and hard-
ware systems are reinitialized. Besides, in addition to the afore-

portional-integral-derivative (PID) at the joint level and an inte- ="~ . .
gral law for the external force loop): 3) it is easy to implemeﬂpent'oned hardware watchdog, the dedicated security process

on any kind of controller; 4) unless an effort is applied on th‘éhGCkS the activity of the other ones. If one is locked, then the
dermatome (below the force sensor), the robot will not movg,mergency procedure_ls switched on. . . .
and 5) the control software can be incrementally designed, E—m a fault qccurs,dor ';.}?e DMShpedaI 'Sf S\:wtched r?ﬁ dugng
cilitating the tuning of the parameters and validation (intern ||eautomat1c mode, different phases of clearing have been
joint control, then external Cartesian space control, and fina _nned depending on whether the blade is in contact with the

additional force-control loop). This cascade structure provid In or not_. . .
a more robust control. Finally, in order to detect a blade jamming that can occur

during the skin harvesting (due, for example, to a bad lubrica-
tion of the mechanism) which would cause a tearing of the skin,
a fast Fourier transform (FFT)-based algorithm has been imple-
The hardware and software safety features are presenfgghied. It relies on the analysis of the dermatome noise, namely,

below. on the tracking of the resonance frequerfgyof the blade. In-
1) Hardware Safety:A watchdog board has been developedeeq, as soon as the motor is switched on, vibrations caused by

in order to manage safety from a software point of view. If anype plade oscillations can be observed onipeomponent of
thing goes wrong in the high-level controller, the cyclic signahe F/T sensor. Computed on thé last data samples, an FFT
sent to the watchdog is stopped, inactivating it and switchingiows to observe the blade oscillations, as shown in Fig. 10,
off_ the power. In prder to improve safety, two redundant Cigyr 5 motor speed of about 11 000 rgify, = 180 Hz). Experi-

cuits have been wired on the board. Each external module—F{iEnta) studies have shown that with appropriate data analysis, it
sensor, laser telemeter, and motors—is controlled by a specifigs possible to obtain a robust detection of blade jamming with
board. Each one is separately initialized and can detect a f"’l"é@pect to measurement noise together with an acceptable re-
on the module: for the first board, disconnection, saturation, Sponse time (typically 100 ms). Thus, with a robot's maximum
incoherent data of the F/T sensor; for the second board, 1a§gfocity of 10 mm/s, the dermatome would move for less than

measurement out of range; and for the third board, tracking erfopm which is quite reasonable considering the skin elasticity.
during the arm motion, excessive velocity on a motor, translator

or amplifier failure, arm close to the limit of workspace. More-
over, several LEDs on the console desk and on the arm are there
to warn users of any fault while in motion. To validate the mechanical structure and the high-level con-
2) Software SafetyThe high-level program has been builtrol, Dermarob has been tested by a surgeon in clinical condi-
using a safety-based software analysis. Five QNX processestaes on anaesthetized pigs (Fig. 11). The operations have been

D. Controller Safety

VI. EXPERIMENTAL RESULTS
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performed at the Experimental Surgery Laboratory, School

Medicine, Montpellier, France. For these tests, the desired for'g;e 19 Positi b 4 andle (below) traiectories dur i
was set up to 35 N, which is smaller than the values found during” ~ """ (above) and angle (below) trajectories during a motion.
the feasibility study. As a matter of fact, in the manual proce: . . .
dure, the surgeon exerts a force higher than necessary to m ttrlfs t(l)(.a.reotr%entt]atlon z?boytof t'_ 1001t tr}{e bladde ]E)eglns tot |
sure that the skin sample will have a regular shape and no hole. ef n; et) I(tah afrves N9 Todlon sthar skgn erdortl;(;l;)n ro

In these tests, Dermarob harvested samples estimated byal Qg2 10 control the force applied on the Skin, and a

surgeon to be of same quality as those he would have obtair?ga]trOI the roll angle; the pitch gngle at.J us co_ntroll_ed using
n?—ue laser telemeter; the Cartesian motion alonga simple in-

manually. This “visual” macroscopic appreciation of the qualit i A
will be quantified more precisely in future experiments. Sa erpolation between the two P replanned locations; .and f) when
ﬁ@ dermatome reaches the final programmed location, the force

ples will be sent to an anatomopathology lab to measure 8ontrol is switched off, the velocity of the Cartesian motion in
regularity of thickness over a whole graft. The quality of th eases, and the blade is freed from the skin by a quick pitch

graft at a microscopic level will also be checked. However, . . ! )
expect no change since the dermatome held by Dermarob is W\%t'on which tears the skin strip.
same device as the one manually used by the surgeon.

Fig. 12 shows the trajectory of the Cartesian position of the
dermatome along with respect to time as well as pitch and 1) The mechanical, hardware and software safety features
roll angles about andz, respectively. Fig. 13 shows the corre- embedded in Dermarob make the system intrinsically
sponding trajectories of forces and moments. safe. A risk analysis shows that, when a low-level fault

The different zones in these figures should be interpreted as is detected by the software, it takes 2.5 ms in the worst
follows (see also Fig. 6): a) the robot approaches the first pro-  case to switch off the power. In case of a high-level
grammed location (no contact): no force control is required and  fault handled through the watchdog board, the robot is

VII. DISCUSSION

only the Cartesian generation is activated; b) after’ad@rien- stopped within 10 ms. At maximum velocity (10 mm/s),
tation abouy (experimental value), the force control is switched it represents a maximum displacement of 0.025 mm in
on alongz and the Cartesian generation is switched off; c) the  the first case, and of 0.1 mm in the second one. Such a
dermatome moves down until the skin contact fof€ereaches motion is too small to produce a force large enough to

the desired forcé’? and the dermatome motor is started up; d) cause any harm to the patient or the operator.
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2) Experiments have shown that an additional force control
along the direction of motiom: is mandatory to better
cope with the bump ahead of the dermatome and to bettef
control the motion when the compliance of the skin is not
constant along a given path (due to the presence of ribs,
for instance, when harvesting on the back). This can be[8]
easily achieved with the selection matrix of the chosen

control structure.

3) The geometric parameters of the models have been ap-9
proximated from the robot data sheets. In order to im-

1 LE
60 65 70 75 80 85

Evolutions of torques M, My‘ and M?

M

X,

— VL
v
I

(e) Ft]

Force (above) and torque (below) trajectories during a motion.

to harvest in order to identify the model parameters and
to better tune the control law parameters according to the
skin characteristics of the patient.

VIIl. CONCLUSION

This paper presented Dermarob, the first robotic system ded-
icated to skin harvesting in reconstructive surgery. Considering
surgeon’s gesture and safety constraints, a SCARA active robot
with a nonspherical wrist has been designed. The robot is po-
sition-force controlled and is easily handled, thanks to a user-
friendly interface. Special care has been attached to safety at me-
chanical, hardware, and software levels. The project is currently
under validation: experiments have been run on pigs, showing
that the performance of the robot was qualitatively equivalent
to the performance of the surgeon. Additional experiments will
be run to clinically confirm this evaluation. Once the improve-
ments suggested in the discussion have been implemented, fur-
ther work will consider experiments on cadavers before trying
for in vivo harvesting at a later stage.
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