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In this paper, three aspects of the use of compliant mechanisms for a new surgical tool, an active
cardiac stabilizer, are outlined. First, the interest of compliant mechanisms in the design of the stabilizer
is demonstrated witlin vivo experimental evaluation of thefeiency of a prototype. We then show that
the specific surgical constraints lead to the development of compliant mechanisms, with the design of new
original mechanical amplifiers. Finally, the requirements in the design of stabilizers exhibiting a higher level
of integration are outlined. Novel architectures and design procedures are actually needed, and we introduce
an exploratory study with a proof-of-concept designed using the combination of ant colony optimization and
classical pseudo rigid body modeling. Relative errors in the estimation of the displacement do not exczed 5 %.
The proposed design method constitutes an interesting approach that may be applied more generally to the
design of compliant mechanisms.

sults. Second, we show that the surgical context introduces

design requirements that can lead to contributions in the field
Compliant mechanisms exhibit higher accuracy and com-of compliant mechanisms. An original compliant mechanism
pactness than conventional mechanisms. They can consés introduced, whose architecture is indeed directly derived
quently contribute to the development of Minimally Inva- from the surgical necessities. Finally, we propose an ex-
sive Surgery (MIS) procedures, high accuracy procedureploratory study on the design of a highly integrated active
that require small size instruments. The use of compli-stabilizer: a proof-of-concept is introduced with a design
ant devices also simplifies the sterilization procédshellg methodology based on ant colony optimization and pseudo
2004, and the suppression of lubrication improves surgicalrigid body modeling.
compatibility. Surgical tools for organ manipulatiofwtar The paper is organized as follows. The principle of ac-
etal, 2010, grasping Erecker et a].20053 or tissue cutting  tive stabilization and thefgciency of the use of a compliant
(Frecker et a].2005h have therefore been proposed previ- mechanism for active stabilization are presented in Sect. 2.
ously. The design of an original compliant mechanism based on the

In the Cardiolock project, we investigate the design of ansurgical requirements is introduced in Sect. 3, with the use of

active cardiac stabilizer, a new surgical tool for heart surgerykinematic singularities to synthesize an amplification mech-
In this context, this article has three aims. First, we show tha@nism. Then, in Sect. 4, a design methodology is proposed
the field of heart surgery can benefit from the field of com- to assess the level of integration that can be achieved in order
pliant mechanisms by outlining théigiency of a compliant-  to design an active stabilizer. A very recent proof-of-concept
based active cardiac stabilizer withvivo experimental re-  is experimentally evaluated, before concluding in Sect. 5.
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Figure 2. Principle of insertion of the active stabilizer.

displacement of the area of interest. Compliant mechanisms
obviously appear of interest when combined with piezoelec-
Figure 1. Passive stabilizer durinig vivo evaluation on pig. tric actuation: high dynamics can be obtained without any
backlash. Thus the Cardiolock principle relies on the use of
a compliant mechanism controlled by a piezoelectric actua-
2 Active stabilization for cardiac surgery tor using the information given by the endoscope.

In the field of heart surgery, one of the most common in-
terventions is Coronary Artery Bypass Grafting (CABG). In
order to improve the supply of blood to the myocardium, ar-, Design requirements
terial or vein grafts are connected to the coronary arteries.
The most delicate part of a CABG is the suture of the graftsThe stabilization task consists of compensating, in the pres-
to the coronary arteries. These arteries have a diameter adnce of the heart force, for displacements in the order of
1-2mm, and more than 10 knots must be performed around mm Bachta et a.2008. The main source of displacement
each artery. For the patient, the best approach is to perforraf the stabilizer tip is the bending of the shaft. As a conse-
such a procedure on a beating heart, i.e. without the use of aguence, two directions of compensation at the stabilizer tip
external heart-lung machine, and with a minimally invasive are needed. The displacement along the shaft axis is not sig-
approach. Only small incisions are then made to insert thenificant. Forces exerted by the heart on the stabilizer have
surgical tools and an endoscope through trocars. been assessed experimentaBa¢hta et a].2008. The am-
Today, in that situation surgeons use a stabilizer, a devicelitude of the force is in the order of 5N in the direction
that aims at locally immobilizing the beating heart surface perpendicular to the stabilizer shaft.
during the suturing process. In a MIS context, this stabilizer The stabilizer is in interaction with the heart at its tip, but
is composed of fingers applied on the heart and a long shaflso with the trocar that allows its insertion into the patient’s
(Fig. 1) that is inserted through the subxiphoid process, at thebody. As a consequence, the movement of the trocar due
base of the sternum, to reach the area of interest on the heaw respiratory motion creates forces on the stabilizer body in
surface. addition to the heart forces. A simple way to avoid these
From a mechanical point of view, one can easily under-additional perturbations increasing the complexity of the sta-
stand that the forces developed by the heart, in the order obilizer control is to consider that the compliant mechanism
5N (Bachta et al.2008, cause the deformation of the mech- and the actuator are located outside the body and allow the
anism. The current commercial device (Fij.exhibits dis-  stabilizer shaft to rotate with respect to the trocar. This simul-
placements at its tip that exceed the required accuracy, as outaneously simplifies the sterilization of the device, since the
lined by surgeonsattin et al, 2004 Lemma et al.2005. active elements are located outside the patient’s body. Rev-
Displacements of the stabilizer tip should remain in the orderolute joints cannot be located at the trocar position, which
of 0.1 mm, with respect to the suturing task described earliermeans that the stabilizer must exhibit a Remote Center of
As a consequence, we have proposed in the Cardiolociotion (RCM).
project Bachta et al.2007) the development of an active
device to improve the sta_bilizatiqn accuracy_and to allt_)w 2 Design of afirst device: Cardiolock 1
CABG to be performed satisfactorily on a beating heart with
MIS. The main idea is to use the endoscope introduced durCardiolock 1 is a first prototype that has been designed to
ing the surgery (Fig2) to observe the presence of any de- assess thefieciency of the active stabilization approach dur-
flection of the stabilizer and compensate, in real time, for theing in vivo experiments. Experiments on pigs cannot be

3 Compliant mechanisms for a new surgical tool
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compensation is performed only in one direction.

An actuator with integrated amplification structure (Cedrat
Technologies APA120ML) is considered. Its translational
movement is converted using a slider-crank system @ig.
The stabilizer shaft is connected to the crank, the actuator is
the slider which is connected to the crank by means of a con-
necting rod. The mechanism synthesis has been carried out
using a Pseudo Rigid Body Model (PRBMowell, 2001).

A torsion spring is used to represent each compliant joint
and an additional joint is introduced to represent the flexibil- 0.2
ity of the shaft. The achievable displacement can be easily
derived from Fig.3 (Bachta et al.2007). The stithess of
each compliant joint is described with the analytical model
of symmetric right-circular profile jointdHowell, 2001) and
the model fromPham and Che(R002) gives the maximum \
stresses in the joints. The parameters to be determined are —04
the geometrical parameterg lf,€) and the minimum thick- V u
ness of the compliant joints. A non linear optimization was
achieved to determine the best set of parameters. The opti- Time () 10
mization criterion is the size of the device. The compensa-
tion condition as well as the maximum admissible stresses
in the joints are considered as non linear constraints. The Cardiolock 1 prototype durinm vivo experiments (left)
CAD view of the system corresponding to the result of the and corresponding recorded residual displacement (right).
optimization is introduced in Figd. Further evaluation of
the PRBM accuracy by comparison with simulations using
Finite Element Analysis (FEA) showed the relevance of the After the implementation of the stabilizer controi,vivo
model. The stabilizer tip maximum displacement is correctly experiments have been performed. The stabilizer tip is po-
described by the PRBM as well as itsfBtess. sitioned above the sternum of a 35kg pig, with a custom
end-dfector to reach the beating heart. A high-speed cam-
era (Dalsa CAD-6, 333fps) is used to detect the stabilizer tip
displacement. It is positioned in front of the stabilizer tip
The stabilizer tip displacement given by the PRBM could beto follow a marker attached to the stabilizer tip. Because of
reached within 5 % with laboratory experiments. The devicethe anatomy of the animal, a custom erfteetor is added to
stiffness and the eigenfrequencies are however significantlaccess to the heart surface.
different from the values estimated with FEA: eigenfrequen- The position of the stabilizer tip measured with the camera
cies are for instance lowered by more than 13%. Furtheiis shown in Fig5. During the active stabilization, after 6 s on
analysis demonstrated that the assembly of the mechanisnthe graph, the standard deviation of the position of the stabi-
and especially the connection of the connecting rod to thdizer tip is equal to 35 microns. The deviciieiency is high
actuator lowers the device’s performances. Even though thenough to confirm the benefit of using a compliant mecha-
elements are rigidly connected, the behavior of the devicenism in combination with vision to develop a new surgical
remains very sensitive to the quality of assembly. tool, an active stabilizer.
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Kinematic scheme of Cardiolock 2.

As introduced in Sect. 3.1, the design objective is to pro- 3PRR parallel mechanism close to singularity.

vide the stabilizer with 2 DOF in rotation, with respect to the

RCM located at the trocar. Parallel architectures can be con-

sidered, with spatial arrangement3dsselin and Angeles equivalentin the represented configuration to a revolute joint,
1989 Gregorig 2004, sometimes with the use of spherical whose rotation amplitude is simply related to the actuated
joints, but they seem veryfliicult to manufacture as compli- displacemen#q of point A,

ant devices. The experimental evaluation of Cardiolock 1 has
also shown that the complexity of the design has to be lim-59 = ——sq (1)
ited, in particular with a small number of elements in the as- Rsin(e)

sembly to minimize sources of flexibility. As a consequence,ith r= IEB,|l. We can easily set the amplitude of the ro-
a simple serial mechanism is considered as represented i, by modifying the value of, and obtain a high rota-
Fig. 6 (Bachta et al.2009. Displacements around the repre- yjonransiation ratio. The obtained mechanical amplifier is
sented conﬂ_guratlon can _be obtained by the rotation of joints g, interesting because of itsfBiess properties. In-plane
Ji and J, with a decoupling of the two displacements that gtiness is high due to its parallel nature, and out-of-plane

simplifie; the stabilizer control. N . . stiffness is easily controlled by the width of the mechanism.
The displacement of the stabilizer tip is a function of the

anglesy; anday, the length being constrained by the medi-
cal requirements. From a dynamic point of view, parameters

a1 anda, should be minimized to get a compact structure . - .

with lower inertias. This implies the development of compli- Selgctlon Of. the d_ewce_s geor_netrlcal parameters_ has been

ant joints actuated with piezoelectric actuators that provideaChleved using an |tere_1t|ve d_eagn process, analyzing the per-

large rotations formanges.of the Q(—?WCQ with FEA. The prqtotype, repre-
' sented in Fig8, exhibits displacements at the tip of the stabi-

lizer shaft equal to 1.28 mm1.28 mm, which is consistent

with the results of FEA and correspond to the design require-

. . S . ments.
Piezoelectric actuators provide linear motions that need to be

converted into rotations, that we want to maximize. Parallel

mechanisms can exhibit a behavior that corresponds to that

situation, in the vicinity of the so-called parallel singularities

(Gosselin and Angeled4990. Even though such configura- To deal with the interaction of the stabilizer with the tro-

tions are rarely considere&toughton and Arail992 Ran-  car, RCM architecture has first been considered. Even if the

ganath et a).2006, we have thus propose@#chta et al.  device dficiency is satisfactory, its size still limits its ease

2009 consideration of a parallel mechanism to design theof use. More importantly, placing the actuators outside the

compliant mechanism that would convert the actuator dis-body simplifies the sterilization process but greatly increases

placement into a rotation. The parallel mechanism at the orithe complexity of the control, because of the non-collocated

gin of our amplifier is represented in Fig. Parallel singu-  sensor and actuator configuration. New requirements in the

larity corresponds to the situatier= 0. design of an active stabilizer appear: we need compliant ar-
Considering the pointgy and Az as immobilized and an  chitectures that allow the integration of actuators inside the

actuator is driving the poinf,, the mechanism becomes stabilizer shaft, close to the stabilizer tip, and we need to




L. Rubbert et al.: Compliant mechanisms for a surgical active stabilizer 123

(a) Kinematic scheme of the proposed 4-bar mechanism. The dot-
ted lines represent the contour of the bars in the structure.
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Figure 8. The Cardiolock 2 prototype.

identify methodologies for their design. In this paper, on- ‘

going research on the design of a fully integrated device is (o) Parameterization of the PRBM of the mechanism.

presented with a proof-of-concept whose design is obtained

using ant colony optimization associated with pseudo rigid

body modeling. Figure 9. Description of the proposed active stabilizer with embed-
ded actuation.

5.1 Design methodology and architecture selection

The compliant mechanism has to be manufactured from
the stabilizer shaft, of cylindrical shape. In this context, the
As a first step, we consider the problem of the integration ofelements that compose the Scott-Russell mechanism have
a compliant mechanism and its piezoelectric actuator for aslender shapes and may lackfsiess. The four-bar mecha-

1 DOF mechanism. Because of the strong size constraintsiism is therefore chosen (Figa), with the integration of the

the actuator is considered to be positioned along the shaifpiezoelectric actuator inside a tubular shaft. With this config-
axis, providing an axial displacement. A piezoelectric actua-uration, the force delivered by the actuator introduces tensile
tor that can be integrated in the shaft presents maximum disstresses in the mechanism bars, without any risk of buckling.
placements in the order of 50 microns. A compliant mecha-To obtain the corresponding compliant mechanism, circular
nism has therefore to be designed to first convert the displacenotch joints are preferred to leaf spring joints for their ease of
ment along the shaft axis into a displacement perpendiculamanufacture and their better accuratygase et al2004).

to the shaft, and second to amplify this displacement. The

stabilizer tip displacement amplitude should be in the order L _ .
of 1mm. 5.2 Optimization with Ant colony algorithm

The synthesis of the mechanism can be made by a topols > 1 \jodeling
ogy optimization or by selection and optimization of a pre-
defined architecture. 1 DOF amplification mechanisms havelhe use of a PRBM appeared in the design of Cardiolock 1
been widely studied, and we thus elaborate a transformatio@s an éicient way to describe the mechanism during its opti-
mechanism from existing solutions before performing its op-mization. This approach is therefore still considered for this
timization. new device. The model is represented in Eb. Six geo-
metrical parameters define the mechanism and its initial con-
figuration (o, L1, Lo, L3, Ly andLs). Since the mechanism
is integrated in a tube, its outer radiRsand its thicknes3§
Areview of the existing transformation mechanisms has beerare also needed to define the geometry. The compliant joints
performed. Two mechanisms are of particular interest: theare described by their minimum thicknesghe radius of
Scott-Russell mechanisrfién et al, 2009 and the four-bar  their circular profile and their width, defined by their position
mechanismPRarkinson et a]2001). The first one transforms  with respect to the tube axis.

a translation movement into another translation movement The relationship between the actuator displaceraemtd

in the perpendicular direction and its oblong shape tends tdhe output displacemedtcan be easily obtained by express-
be compatible with an integration inside the stabilizer shaft.ing loop closure equations. To obtain the achievable output
The second one can amplify rotatior&iti, 2003 as wellas  displacement, a static model is derived, since the piezoelec-
translations Choi et al, 201Q Liaw and Shirinzadel2008. tric actuator maximum displacement depends on tliets

5.1.1 Design methodology

5.1.2 Mechanism selection
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of the mechanism acting against it. The compliant joint solutions, and iteratively restraining the generation of solu-
rotational stifnesses are described using the model derivedions around the most interesting solutions found in a pre-
by Schotborgh et al(2005, described as the most accurate vious step. Considered initially for combinatorial problems
and having the widest range of validity bgng et al.(2008. (Dorigo and Gambardellal997), it has been extended to
The stresses in the compliant joints can be expressed an@ontinuous domainBlum, 2005 Socha and Doriga2008),
lytically. Stress concentration factors are included to improvewhich is our case. ACO has been proposed for structural
the accuracyRilkey and Pilkey2008. topology optimization Kaveh et al. 2008 Luh and Lin
2009 but, to the authors knowledge, not yet considered for
the optimization of a compliant mechanism.
Before introducing the adaptation of ACO to our context,
we need to define a performance function to distinguish and
The compliant architecture is defined by sixteen geometrirank possible solutions. The displaceméifias to be maxi-
cal parameters: six bar lengths, four joint thicknesses, foulmized. For a given material, the objective is also to use in an
radii circular notches, one tube diameter and one tube thickpptimal way its mechanical properties. In other words, it can
ness. During the optimization, we consider that the actuatope interesting to introduce into the performance function the
is given, since we will use the actuator providing the max- closeness of the maximum stress to the admissible maximum

imum displacement that can be integrated in the tube, andtress for the material. The proposed performance function
the tube material properties are known. The objective of thes expressed as:

optimization is then to maximize the output displacennt

while satisfying a set of constraints: d
fying Performance4) = L 0T Comone ) (2)
. . .. . . objective™ ¢V ma;
— The maximum stresses in the joint must be compatible
with the material properties. with ¢ the parameter setropjecive the maximal admissible

stressomax the maximum stress in the mechanism ar@il1

a penalty factor chosen for the problem. Since ACO does

not need any continuity or derivation property for the per-

_ The angles between the mechanism bars must retormanc.e evaluation function,' sugh a non-linear function can
main compatible with the configuration represented in P& considered and indeed wilffieiently rank the solutions

Fig. 9b. since the stress value is “locked” to the admissible value.

Adapted to our context, the algorithm is composed of four
— The geometry of the joints must be compatible with the main steps (Figl0). In the first step, sets of geometrical pa-
shape of the bars as represented in 8&g. rameters are generated randomly, using a uniform distribu-
) tion law in all the parameter domain. To increase the chance
— The model developed iBchotborgh et ak2003 must o finding a viable mechanism, the constraints are divided
remain valid, which includes the existence of a symme-intg two sets of derent importance. The most important
try of the compliant joints with respect to their neutral ¢onstraints are initially considered before working in a pa-
axis. rameter domain around the identified solutions to determine
parameter sets that respects the whole set of constraints.

In the second step, for each parameter set that respects all
This constitutes a set of seven linear constraints and fifteethe constraints, a new set of parameters is generated in a re-
non-linear constraints represented as a set of inequalities. F@trained domain surrounding the solution to improve the so-
such a highly constrained problem, and a large number ofution performance. The restrained domain corresponds to
parameters, gradient-based optimization algorithms usually0 % of the range of the parameters. To avoid a blockage of
have a low @iciency, particularly with the presence of many the solution evolution, the size of the restrained domain is
local minima in the optimization function. Metaheuristic op- increased by 4 % each time no better solution can be found.
timizations, based on stochastic algorithms, can constitutéf the search space increase reaches 40 %, the second step is
interesting alternatives. Genetic algorithms and evolution-stopped. To rank the solutions, each mechanism is tested and
ary algorithms are well known approaches. Hereafter, weassociated to its performance value. Non-viable mechanisms
propose to investigate the use of Ant Colony Optimizationare associated with a null value. It is important to note that
(ACO) in our context. ACO is essentially interesting for its the algorithm is quite robust with the thresholds used to re-
ease of implementation because the method does not needsérain or widen the search space. Their values are easily set
delicate tuning of many internal parameters to Biient. and do not stronglyféect the success of the optimization.

ACO mimics the behavior of ants that are able collectively In the third step, solution generation is performed by
to optimize the path between their nest and a source of foodswitching to a gaussian distribution law for the evolution of
ACO is therefore performed by randomly generating sets ofeach parameter. The mean value and standard deviation are

— The mechanism profile must remain inside the tube’s
outer shape.

— The actuator must fit in the tube.



. Performances
Generation of sets of A -\
Parameter 2 |

configurations in the
whole domain using an

Piezo-electric
actuator

uniform law r Y\ / X Steel shaft
| Part of constraints tested | >
Parameter 1 .
2. Performances Compliant
" 4 AParameter 2 mechanism

Generation of sets of
configurations around the
best solution found using

an uniform law

Fingers in contact
with the heart

»

l Performances Parameter | Cardiac stabilizer and its integrated compensation com-

4 AParameter 2 pliant mechanism.

| All constraints tested

Still a better
solution?

With the optimal solution (Figl1l), the stabilizer can

3. No > > exhibit a displacement of 0.9 mm, with maximal stress of
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Parameter 1 in the compliant joints do not exceed 5%. The PRBM de-
‘Pierforf)nfzfnces . & scribes accurately the behavior of the device, and combining
arameter > & ACO with PRBM allows us to introduce an active stabilizer

; l ' whose performance corresponds to the medical requirement.

>

Parameter 1

| All constraints tested |

Still a better
solution?

No

Local S{L";g:zz search Interesting results have been obtained in terms of mechanism
optimization and design of the medical device. Experimenta-
tion has been carried out to confirm these results. For avail-
ability reasons, a slightly ffierent piezoelectric actuator is
chosen: the P-041.30 has a diameter of 12 mm, length of
80 mm and can provide a maximum displacement oim5
A Z30C13 stainless steel tube of 18 mm diameter is chosen.
dI'he yield limit of the material is 500 MPa.

The standard deviation of each parameter tends to zer Optimization is performed using these new specifications.
. . b Fhe results of the ACO are again in very good accordance
during the third step. When all the values become small

. . . with the FEA. The discrepancy in the estimation of the dis-
enough, local search using a simplex search method is per- . % and below 7% for the stresse
formed to refine the solution. placeme_ntd_|s bel_ow 4% an | DElow 7770 10T The SITESSes.

The device is designed to exhibit a maximal displacement of
0.5mm.

The prototype is manufactured using CNC machining
(Fig. 12). Its performance is evaluated using a visual marker
Among possible piezoelectric actuators, a device from Pljocated at the tip of the prototype and a high speed cam-
P-007.40, is considered. It has one of the largest availablera that allows the determination of the marker displace-
displacements (60m) with a diameter of 7 mmwhich allows ment. The maximum displacement is estimated as 0.5mm
its integration. Its length is equal to 50 mm, and the maximal(Fig. 13), the value obtained with the PRBM model as well
force is 1150 N. A 12 mm diameter shaft in 35NCD16 steel as the FEA. Loads have been applied on the stabilizer tip to
is considered. evaluate the consistency of PRBM model, FEA and experi-

The ACO is implemented using the Matlab software. Evenmental results. For a load up to 5.7 N, above the target value
though such an implementation is not optimal, optimizationof 5N, relative errors between the three displacement values
for our problem was achieved in less than six hours. are below 5 %. Finally an analysis of the first eigenfrequency

Algorithm structure with a simplified illustration of a
two parameters problem for each step.

computed using the sets of viable configurations determine
in the second step.



related to the development of highly integrated compliant ar-
chitectures, and their associated design methodologies. We
have proposed the use of Ant Colony Optimization, which
gives interesting results according to the first numerical and
experimental evaluation of our proof-of-concept.

From a medical point of view, active stabilization is a
promising approach, and current results on a fully integrated
stabilizer open new perspectives. The application area of
such a mechanism could actually be widened, for instance, to
tremor compensation in microsurgery or micropositioning.

From a compliant mechanism design point of view, us-
ing Ant Colony Optimization for the optimization of PRBM
of compliant mechanisms may constitute a new approach
for the synthesis of compliant structures. Further work in
Prototype assembly and its machined compliant mech-the design of mechanisms such as parallel architecture for
anism. multi-DOF systems will now be carried out.
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