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Édouard Laroche, Jacques Gangloff
LSIIT

University of Strasbourg
France

Email: laroche@unistra.fr
jacques.gangloff@unistra.fr

ABSTRACT
The heart motion is the main hindrance to the development

of recent less invasive surgical techniques in the cardiac field.
The problem can be partially solved by maintaining the inter-
vention area with stabilizers but the remaining displacements
are still important. We propose a device able to exert a torque
on the stabilizer in order to compensate for heart action in real
time. The system is based on gyroscopic actuation associated
with acceleration sensing which allows to free from grounding
constraints. In this paper we present first the system architec-
ture and its mechanical model. We describe afterward the pro-
totype design and the experimental setup. Then we detail the
control strategy which includes a Kalman filter dedicated tothe
observation of both the state and the disturbance signals. Several
control laws are compared based on disturbance compensation
and static feedforward, taking into account gyroscopic actuation
specificities. Finally these controls are tested in simulation on a
more detailed model.

INTRODUCTION
The benefits introduced by recent less invasive surgical tech-

niques like laparoscopic surgery are numerous: e.g. it reduces
infectious hazard, scars size, hospital stay and patient recovery
time. They are now widely used in particular for gastrointestinal,
gynecological and urological surgery but their extension to other
fields remains a great challenge. For instance in cardiac surgery

the use of minimally invasive techniques is not applicable eas-
ily as pointed out in [1], even though it could heavily improve
surgery quality. Indeed a common operation like coronary artery
bypass implies heavy invasive steps such as sternum dissection,
rib cage opening and extra corporeal circulation which are main
complication sources and could be avoided using minimally in-
vasive beating heart surgery. Nevertheless dealing with the heart
motion is the main hindrance to the use of such techniques.

However, some beating heart coronary bypasses have been
performed by open and laparoscopic ways as in [2]. In these
cases, the cardiac motion has been compensated for using pas-
sive stabilizers which are constituted by a stiff rod maintaining
the area of interest on the myocardium thanks to two pressure
or suction fingers. But with these stabilizers the residual mo-
tion due to the device attachment flexibility is not negligible as
highlighted in [3]. In addition studies pointed out that theheart
motion is too fast to be tracked appropriately by surgeons [4,5].

To improve beating heart surgery conditions, several techni-
cal solutions have been considered. Patroniket al. [6] designed
a minimally invasive insertable mobile robot able to stick and
move on the heart surface. This device allows therapy admin-
istration but is not designed to be able to perform surgery such
as coronary bypass graft. Another solution consists in attaching
the surgeon hands to a robotic platform which tracks the heart
motion in real time [7]. However this solution shows surgeonac-
curacy improvements, it is difficult to apply to totally endoscopic
surgery. A more approved approach is based on using a telema-
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nipulation system: the slave reproduces the master displacements
while tracking the heart motion [8]. Since the heart movements
are fast, the slave robot has to be powerful enough to produce
high accelerations, which can present safety issues.

An alternative, which dissociates the heart motion problem
from the realization of the surgical task, is to make the stabiliza-
tion active. It consists in compensating for the heart action in
real time thanks to the application of a force or torque on the
stabilizer structure. A first device based on active compensation
was developed by Bachtaet al. [9], demonstrating the efficiency
of active stabilization on motion reduction. This solutionis par-
ticularly efficient for low frequencies but suffers from a limited
bandwidth because of proximal actuation. In addition it requires
the use of specific instruments. The solution presented herein is
based on an alternative actuation method that focuses active sta-
bilization on higher frequencies which are the most problematic
for surgeons. Moreover it is fully independent and is designed to
be pluggable to existing commercial instruments while satisfying
the sterilizabitity constraints.

For this purpose, we chose to take advantage of the gyro-
scopic effect. This mechanical property is known to allow the
generation of torques without the need to be linked to the ground
since it is based on inertial effects. Various applicationsusing
this concept can be found in the literature: stabilization sys-
tems for ships [10], attitude control in zero gravity environments
for satellites [11] and submarine robots [12], antisismic building
stabilization [13] and non-grounded haptic interface [14]for in-
stance. This principle is usually used for rather large and heavy
structures, however we propose to use it at a smaller scale, within
the framework of cardiac stabilization for beating heart surgery.
Moreover, since the system presented here is independent from
the surgical instrument, the concept can be extended to other ap-
plications needing structure stabilization in similar frequency do-
main.

Problem technical specification
Since the system should compensate for heart actions, the

corresponding forces have to be identified. For this purpose,
assessment of forces applied on a passive stabilizer distalend
were performedin vivo in real operation conditions on an anes-
thetized swine [9]. Force recording is presented in Fig. 1. The
data revealed that force and displacements are prominent along
the vertical direction confirming the results from [15]. Hence
we chose to apply active compensation to the vertical axis. The
measured forces vary in the range 0− 3.5 N so the gyroscopic
system should be able to generate equivalent torque which isan
entry point for the design. Frequency-domain data analysishigh-
lighted several distinct actions: a constant value due to initial
constraint needed to maintain the heart that prevents stabilizer
unsticking, breathing components with a fundamental frequency
of 0.25 Hz, and heart beating components starting at 1.5 Hz. In
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FIGURE 1. HEART ACTION RECORDING.

the sequel we will focus on the compensation of cardiac compo-
nent only, which is the core of the problem. Indeed the breathing
motion is not a problem specific to cardiac surgery and, since
its frequency is lower, surgeons are able to cope with it in most
cases. So active compensation is not indispensable for low fre-
quencies.

In the sequel, we will detail the design of a device complying
with the heart motion compensation requirements.

MODELING
We chose to design a system which exploits the gyroscopic

effect to exert a torque on the stabilizer in order to compensate for
the heart motion in real time. This system, which is independent,
can be attached to the stabilizer during operation.

The mechanical system including passive stabilizer and gy-
roscopic compensation device is modeled using the rigid-body
model which is depicted in Fig. 2. The compensation device is
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FIGURE 2. MECHANICAL MODEL IN ITS REFERENCE CON-
FIGURATION.

composed of an inertia wheel4© rotating at a constant high speed
Ω with respect to the jointq4 thanks to a first actuator. This con-
stitutes the gyroscope. This wheel is attached to a gimbal3©
which rotation with respect to the jointq3 can be controlled with
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a second actuator. The whole system is attached to the passive
stabilizer so that the gyroscope axis is aligned withA at its nom-
inal position. The passive stabilizer is composed of its rod2©
which is connected to the ground by a massless part1© using
two revolute jointsq1 andq2. The flexibilities of the stabilizer
are modeled by two torsional springs and dampers of coefficient
k and f mounted on the two first revolute joints. Modeling flexi-
bility in this way is particularly relevant for our application since
most deformations are concentrated in the stabilizer attachment
and not distributed along the whole structure.

The geometry of the mechanism can be described using the
method of successive screw displacements defined in [16].F0 =
(O0, ~x0, ~y0,~z0) denotes the base frame with respect to which the
displacements are measured. The configuration shown in Fig.2
corresponds to the system reference position. Thei-th joint axis
of the mechanism is defined by the couple(~si , ~sOi ) where~si is
the unit vector of the axis and~sOi = ~O0Oi defines the position of
a pointOi of the axis. Table 1 and Fig. 2 provide the joint axis
definition of the mechanism.

TABLE 1 . JOINT AXIS DEFINITION FOR THE REFERENCE
CONFIGURATION OF Fig. 2.

~si in F0 ~sOi in F0

i=1 [1 0 0]T [0 0 0]T

i=2 [0 1 0]T [0 0 0]T

i=3 [0 0 1]T [0 lB lA]T

i=4 [0 1 0]T [0 lB lA]T

This architecture allows to compensate for displacements
along the vertical axis~y0 thanks to the gyroscopic torque gener-
ated along a direction parallel to~x0. Let consider the gyroscopic
torque expression:

~TG = J4~Ω×~R (1)

where~TG is the gyroscopic torque,~Ω the gyroscope angular ve-
locity along its revolution axis,J4 its moment of inertia and~R
the precession speed i.e. the gyroscope angular velocity normal
to ~Ω. In order to obtain gyroscopic torque along~x0 direction the
vectors~Ω and~Rshould be in the(~y0,~z0) plane. The configuration
we chose fulfills this condition with~Ω = Ω~s4 and~R = q̇3~s3. It
also avoids reverse undesired gyroscopic effects: displacements

of the rod tip along~x0 add a negligible variation to the gyroscope
spinning rate and vertical displacements along~y0 induce a torque
alongq3 which can be handled by the actuator.

In operating conditions, the anglesq1 andq2 are supposed
to be small. The gimbal mass as well as the gyroscope moments
of inertia other than the one with respect to its axis of revolu-
tion are neglected. The effects of gravity are also assumed to be
negligible.

We introduce the following parameters for the system mod-
eling. The total length of the stabilizer isL and its distal-end
point is P. J2 denotes its moment of inertia with respect to the
axes(O0,~s1) and(O0,~s2). The mass of the gyroscope ism4 and
its moment of inertia with respect to its revolution axis(B,~s4) is
J4. The value of the gyroscopic torqueTG is defined accordingly
to equation (1). The forcesFx andFy denote the projections in the
base frameF0 of the cardiac force applied at pointP. The fol-
lowing equations were calculated, linearized around the position
(q1,q2) = (0,0) and simplified using the previous assumptions.

Lq1 :
[

J2 +m4
(

l2A + l2B
)]

q̈1 + f q̇1 +kq1 = cosq3TG−FyL (2)

Lq2 :
(

J2 +m4l2A
)

q̈2 + f q̇2+kq2 = sinq3TG +FxL (3)

TG = J4q̇3Ω (4)

The gyroscopic torqueTG is proportional to the gimbal
speed, the gyroscope speed and its moment of inertia. So it is
possible to control the gimbal speed ˙q3 so that it induces the ap-
propriate torque required to compensate for heart motion inreal
time. One can note the gyroscope torque direction depends on
the gimbal angleq3 so the gimbal has to be kept close to its ref-
erence configuration in order to avoid gyroscopic torque along
undesired direction.

EXPERIMENTAL SYSTEM
Design issues

For the design, the passive stabilizer is modeled by a stain-
less steel rod with a diameter of 10 mm and a length of 300 mm
which corresponds to commercial stabilizers in terms of dimen-
sions and rigidity.

The compensator should be as compact and light as possible
and able to produce a high gyroscopic effect. For this purpose we
refer to equation (2) in which the gyroscopic torque is projected
along~x0. If we want to compensate a cardiac action of the form
Fy(t) = Ac

2 cos(2π fct) the gimbal angle expression will be the
following:

q3(t) = arcsin

(

LAc sin(2π fct)
4πJ4Ω fc

)

(5)
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The design choices concern the parametersJ4 andΩ which can
be determined based on the signal we want to compensate for
and the boundaries constraints we impose on the gimbal angle.
Finally we chose to maximize the gyroscope spin rate rather than
its inertia which would induce higher weight.

Another important constraint on the design is to provide a
device compatible with existing passive stabilizers and indepen-
dent to allow separate sterilization. Most parts of the system are
made of aluminum to improve lightness except the gyroscope
which is made of steel to increase its inertia. The gyroscope
and gimbal axis are both guided thanks to stainless steel bear-
ings. Mechanical design was validated after successful static and
modal finite element analysis using a worst case scenario. A pic-
ture of the system designed to comply with the specificationsis
presented in Fig. 3.

passive stabilizer

ground part

gimbal

gimbal actuator

gyroscope

gyroscope actuator

FIGURE 3. SYSTEM OVERVIEW, HERE MOUNTED ON A PAS-
SIVE STABILIZER FROM MEDTRONIC DEDICATED TO MINI-
MALLY INVASIVE SURGERY.

Concerning the control of the gyroscopic device, various
sensing solutions are possible: force, position, speed or accelera-
tion sensors, camera. The accelerometer has many advantages: it
can be easily embedded on the system, moreover, since its refer-
ence is inertial, it does not need any external component linked to
the ground unlike a camera or position and speed sensors. It does
not require either stabilizer modifications as for force sensing.

Finally, the designed system is 130 mm long and weights
390 g including actuators and sensor. Thus, compactness is
clearly improved compared to previous solutions which makes
the device easy to integrate in surgical environment. Concern-
ing the performances, with a 30000 rpm gyroscope spinning rate
and±40°gimbal angle amplitude, the designed system is able to
compensate for 1.5 Hz action with 5 N peak to peak amplitude,
according to equation (5), which is sufficient considering cardiac
force data.

Experimental setup
In order to evaluate the active stabilizer, we use the experi-

mental setup depicted in Fig. 4. It is composed of the gyroscopic
system attached to a steel rod, which dimensions are similarto
those of surgical stabilizers, and a heart simulator.

FIGURE 4. EXPERIMENTAL SETUP OVERVIEW.

The rod is attached to the table thanks to a commercial car-
diac stabilizer tightening device from Medtronic which presents
some compliance. The heart simulator is composed of a pan-
tilt robot which trajectory is controlled by a sequence reproduc-
ing the movements of a heart that were acquired experimentally
on an anesthetized swine [17]. The contact between the heart
simulator and the passive stabilizer is insured by a compress-
ible interface which converts the imposed motion into force. The
gyroscopic system actuators are controlled thanks to a real-time
controller (Adept sMI6) which receives measurements from sen-
sors and computes the control law with a sampling rate of 1 kHz.
System monitoring is done from a laptop communicating with
the controller trough firewire. It allows to set parameters,launch
program sequences and data acquisition.

The acceleration sensor is attached to the stabilizer, close to
the proximal point. In order to have a reference measurementto
evaluate the performances of the system, we use an additional
position sensor. Since it is based on optical measurement, this
sensor does not interfere mechanically with the system and hence
does not modify its characteristics.

Signal processing
Because of mechanical imperfections, the gyroscope rotat-

ing with a high speed behaves as a vibration generator. Thesevi-
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brations are transmitted through the structure inducing high level
noise on the acceleration measurement. This phenomenon has
been limited with the introduction of mechanical dampers but
the noise level is still important with amplitudes up to 15 times
greater than the useful signal. Because of high frequency excita-
tion, we included an analog prefilter before sampling in order to
eliminate aliasing problems. As shown in Fig. 5 the gyroscope
speed has an influence on the noise level. We can identify crit-
ical speeds which should be avoided: around 5000, 15000 and
25000 rpm. We can observe also an asymmetry, particularly for
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FIGURE 5. MEASUREMENT NOISE VS GYROSCOPE SPIN-
NING RATE

speeds higher than 25000 rpm, which is due to sensor saturation.
Finally we chose to set the gyroscope speed to 22000 rpm be-
cause on the one hand we want to maximize gyroscopic effect
and hence gyroscope speed, and in the other hand we want to
avoid critical high level noise.

Parameters identification
To obtain a model which fits optimally the real system, its

parameters have been estimated experimentally. For this wesend
the same input to the real system and the simulated model. Then
we run an optimization algorithm which tunes the parameter we
want to identify minimizing the mean square error between ex-
perimental and simulation results. First we identified the param-
eters of the gimbal local speed servoing which we modeled with
a second order transfer (Fig. 6(a)) using the case of a squarean-
gular speed input ˙q3

∗. Then, we identified separately the model
mechanical parameters, i.e. rod lengthL, moment of inertiaJ,
stiffnessk and dampingf (Fig. 6(b)).

The results exhibit a good fit in terms of amplitude, fre-
quency and damping, confirming the adequation between the
model and the real system.
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(a) Gimbal servoing identification. Square input in black dashed line, experimental
response in gray, identified model response in black plain line.
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FIGURE 6. IDENTIFICATION RESULTS.

CONTROL STRATEGY
In the sequel we use the following notations: ˆx denotes an

estimate ofx, x̃ a measurement andx∗ a setting value. The overall
control scheme is described in Fig. 7.

FIGURE 7. OVERALL CONTROL SCHEME.

Observer
Introducing directly a command law on the system is

difficult for several reasons. The only available measurements
are the acceleration̈̃y and the gimbal angle ˜q3. So we have
no direct access to the dimensions we want to act on i.e. the
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positiony we want to stabilize or the cardiac forceFy we want
to compensate for. The position could be obtained integrating
twice the acceleration but measurement integration yieldsdrift
problems due to measurement errors. Moreover the acceleration
measurement is subject to high noise level because of mechani-
cal vibrations due to the gyroscope rotation which increases the
difficulty. Hence we use a Kalman observer in order to filter the
noise and estimate dimensions more interesting for the control.
Furthermore we know the frequential content of the disturbance
which is constituted of the cardiac frequency and its harmonics.
So this information can be exploited to include a model of
the disturbance in the Kalman filter, as shown in Fig. 8. For
this we considern disturbance inputswi in the model used for
the Kalman filter synthesis. Each one is filtered with a filter
resonating at a frequency corresponding to a cardiac harmonic
ωi and the outputs of the filtersdi are considered as parts of the
cardiac disturbanced = ∑di. We also add a damping factorξi in
order to increase the filter tolerance to frequency uncertainty.

FIGURE 8. KALMAN FILTER SYNTHESIS MODEL.

The resulting Kalman filter uses the acceleration measure-
ment ˜̈y and the gyroscopic torque estimationT̂Gx as inputs and
gives estimations of the accelerationˆ̈y, the position ˆy, the speed
ˆ̇y, the perturbation componentsd̂i and their derivativeŝ̇di .

Control laws
The control law used to control the gyroscopic system must

fulfill a double objective:

1. reject the cardiac disturbance in order to stabilize the posi-
tion y;

2. keep the gimbal close to its reference position to avoid a drift
in torque direction.

One can note that these objectives are conflicting since gimbal
angular displacement is necessary to generate torques. In ad-
dition the second constraint prevents to compensate for lowfre-
quency disturbance which would imply large gimbal angular dis-
placements. So according to the choice we made i.e. to compen-
sate for the cardiac frequencies but not for the breathing ones, the

control law should permit compensation for frequencies higher
than 1 Hz without compensating for lower frequencies. In other
terms, the gain of the transfer from the disturbance to the position
Tyd should be minimized for cardiac frequencies and the gain of
the transfer from the disturbance to the gimbal angleTq3d has to
be as low as possible for breathing frequencies.

The system equation for the axisq1 (2) includes the nonlin-
ear term cosq3 in the gyroscopic torque expression. Since we
want to minimizeq3 we consider the system forq3 = 0 in the
control law synthesis. In order to take into account this nonlin-
earity, we divide the control signal by cosq3 before sending it to
the system input (Fig. 7).

Accordingly we consider in the sequel the following rela-
tion:

y = F (Gd+Hu) =
L

Js2 + f s+k
(−Ld+J4Ωu) (6)

whereJ = J2 + m4
(

l2A + l2B
)

, d is the disturbance andu the con-
trol signal. We can note the local gimbal speed servoing dynam-
ics are not considered in the expression ofH. This is justified
in the frequency domain: the identified cut-off frequency ofthe
servoing is close to 50 Hz whereas the compensation frequency
domain corresponds to cardiac harmonics and does not exceed
15 Hz. Hence the local speed servoing does not limit the com-
pensation bandwidth and will not interfere with the control.

Static State Feedback The first solution that could be
tested for disturbance rejection is a static state feedback(SSF)
based on position and speed [18], which leads to the following
control law:

u = −K1y−K2ẏ (7)

In this case the transferTyd has low gain which insures distur-
bance effect damping. However the transferTq3d has infinite gain
in low frequency, implying gimbal drift.
This issue can be solved by the introduction of a term depending
onq3, leading to the control:

u = −K1y−K2ẏ−K3q3 (8)

Here the gain of the transferTq3d is finite in low frequency so
the gimbal reaches an equilibrium position. Now if we want the
gimbal to be centered on its zero position we should impose a
low-cut behavior which can be obtained with the following law:

u = −K1y−K2ẏ−K3q3−K4Iq3 (9)

whereIq3 is the integral ofq3.
Finally the control law fulfills the two aforementioned objectives.
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Feedforward Another way to reject disturbance is a
feedforward control law. Generally speaking, in the case ofa
system of the formy = F (Gd+Hu) the disturbance can be per-
fectly rejected using the controlu = −H−1Gd. In our caseH
andG are simple gains so the control is a static feedback on the
disturbance:

u =
L

J4Ω
d (10)

Like previously with the SSF control, the gain ofTq3d is infinite
in low frequency. So it is necessary to introduce feedback onq3

andIq3, leading to the following control:

u =
L

J4Ω
d−K3q3−K4Iq3 (11)

Since the positiony, the speed ˙y and the disturbanced are not
available in our case we will use their estimation ˆy, ˆ̇y andd̂ given
by the Kalman observer.

Comparison The transfers presented in Fig. 9 corre-
spond to the system controlled with both SSF and feedforward
control laws using a Kalman observer taking into account two
harmonics for the disturbance model. TheTyd transfers shown in
Fig. 9(a) exhibit the effective damping with the both methods for
the selected harmonics, the disturbance rejection performances
being clearly better with the feedforward method:−100 dB in-
stead of−70 dB for the SSF. However we can observe an ampli-
fication of the disturbance effect for frequencies between 5and
16 Hz, particularly with the feedforward method.

Observing theTq3d in Fig. 9(b) we can verify the low-cut be-
havior induced by the feedback onq3 andIq3 which guarantee the
gimbal stabilization close to its reference position. We can note
the gimbal excursion is more important for selected harmonics
and for the feedforward, confirming that the input is more solici-
tated for higher damping level.

Considering the input sensitivity function in Fig. 9(c) we
can evaluate the system stability. The maximum gains for this
transfer are 4.43 dB for the feedforward based control and 6.5 dB
for the SSF. They respectively correspond to module margins
greater than 0.47 and 0.597 which is satisfying compared to the
0.5 recommended value. We can note the critical frequenciesfor
feedforward and SSF controls are respectively 11 and 70 Hz.

TUNING AND VALIDATION IN SIMULATION
Simulations were done, corresponding to the bloc diagram

of Fig. 7. First we tuned the regulators based on a simple model,
then the obtained controls are applied to a more detailed model
for validation.
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FIGURE 9. CLOSED LOOP TRANSFERS FOR SSF AND FEED-
FORWARD CONTROL SCHEMES.

Control tuning
The tunning has been done under Matlab using the model

defined by the equations (2-4) which presents approximations but
has the advantage to be linear. We used as parameters the ones
defined with the experimental identification.

The Kalman observer has been synthesized based on this
model and including for the disturbance model the first and third
cardiac harmonics, which are the most important.

For the SSF control law, the feedback has been tuned us-
ing a linear quadratic regulator (LQR) synthesis based on a state
representation of the model that minimizes the following cost
function:

∫ ∞

0

(

XTQX+UTRU
)

dt (12)

with X =
[

y ẏ q3 Iq3

]T
the state vector andU = q̇3. The ma-

trix R is set as the identity and weightings are defined asQ =
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diag([w1 w2 w3 w4]). Thus penalties can be set for each state
independently. The given solution is a state feedbackU = −KX
whereK =−R−1BTP with P the solution of the Ricatti equation:

PA+ATP−PBR−1BTP+Q= 0 (13)

In order to compute an optimal set of weightings, we used an
optimization algorithm minimizing the RMS amplitude ofy for
frequencies higher than 0.5 Hz while respecting boundariesset
on the gimbal angle.

The control based on feedforward does not need any tuning
since the law depends on the model parameters directly, except
for the feedback on ˜q3 andÎq3 for which we use the same gain as
for the SSF control.

Complete model
A refined model of the experimental setup has been con-

structed in MapleSim based on the analytical set of equations
describing the system. We have defined in this model all the
mechanical parts of the system including their inertial data ex-
tracted from CAD and taking into account material properties.
The stabilizer flexibilities have been defined according to Fig. 2
with some slight differences in the positions ofq1 andq2 which
present some offsets and are not concurring, in order to obtain
a model closer to the reality. We used identification resultsto
define the parameters which cannot be extracted from CAD i.e.
stiffnessk and dampingf .

We also included in the model signal processing and con-
trol parts. We added to the acceleration measurement a noise
recorded on the experimental system in the same operating con-
ditions. The anti-aliasing filter and the gimbal speed servoing
were also taken into account. The kalman observer synthesized
based on the linear model has been implemented as a discrete
state space with 1 kHz sampling frequency. The SSF and feed-
forward based control law have been integrated as well usingthe
parameters defined previously.

To simulate the disturbance we used a cardiac-like signal
composed of four breathing harmonics and six cardiac harmon-
ics.

Results and analysis
During simulations the compensation is activated progres-

sively between 5 and 10 s in order to avoid transient effects.
With feedforward based control the simulation presented some
instabilities for the 11 Hz critical frequency (Fig.9(c)).To solve
this problem we introduced a high-cut filter on the control output
with 10 Hz cut-off frequency.

The compensation results depicted in Fig. 10(a) highlight an
effective damping of they vertical displacement. The RMS value
of this displacement for cardiac frequencies (higher than 1Hz)
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FIGURE 10. SIMULATION RESULTS.

is reduced by 52% for the feedforward based control and 42%
for the SSF. In the frequency domain (Fig. 10(c)) we can see
that the damping affects only the two harmonics selected in the
observer synthesis (1.5 and 4.5 Hz), as expected. The feedback
control is more efficient than the SSF for the fundamental butits
performances are reduced by the high-cut filter for the 4.5 Hz
harmonic.

Concerning the gyroscope angle, we can see in Fig. 10(d)
that it remains around its nominal configuration, validating the
efficiency of the feedback on ˜q3 andÎq3. The displacement ampli-
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tude corresponds to the desired boundaries but is larger with the
feedforward control than with the SSF (±40°instead of±22°).
Consequently the effects on thex displacement of the rod tip are
also more important with the feedforward (Fig. 10(b)).

CONCLUSION AND PROSPECTS
Exploiting gyroscopic effect as an actuation mean is an orig-

inal approach to compensate actively for heart motion. Thissolu-
tion associated with acceleration measurement allows to embed
the whole compensation function into a device independent from
the surgical instrument and free of any grounding constraint. We
had to take into account some control issues in the mechani-
cal design in order to fulfill the performance requirements.Fi-
nally the designed system is able to provide sufficient compensa-
tion torque and present large improvements concerning sizeand
weight.

Controlling this kind of system present difficulties linkedto
gyroscope specificities, high noise level and measurement in-
tegration. We propose a solution based on a Kalman observer
including a disturbance model associated with feedforwardand
static state feedback control laws. This control scheme hasbeen
tested on a model based on CAD data and simulations have been
run using an analytical solver. The results highlighted thecardiac
motion damping capacity of the system.

In future work we plan to implement the control on the ex-
perimental system and then performin vivo tests. Another devel-
opment direction includes an improved prototype with a preci-
sion manufacturing for the gyroscope in order to minimize the vi-
bration problems allowing better estimations and thereby making
the system control more efficient. For the observer,considering
more cardiac harmonics in the disturbance model could im-
prove the compensation performances and introducing adaptative
Kalman filtering with online estimation of the cardiac frequency
would permit to handle variation of the heart beating.
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