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In this paper, the kinematostatic and the quasi-static models of parallel mechanisms are applied
to underactuated mechanisms. Both models are extended to the cases for which the actuated joints are not
kinematically independent, and for which the external loads are function of the configuration of the mechanism,
the grasped object being considered as not perfectly rigid. An application to a 2-DOF underactuated compliant
finger is then presented with details about the implementation of the kinematostatic and the quasi-static models.
Finally, some numerical results are given that illustrate possible contributions of these models for the analysis
and the control of underactuated mechanisms.

This paper was presented at the IFTOMM8ME International Workshop on
Underactuated Grasping (UG2010), 19 August 2010, Montréal, Canada.

the quasi-static modelQSM) of compliant mechanisms ap-
pear to be useful tools for the study of underactuated mecha-
Compliant mechanisms, i.e., mechanisms built with elastichisms (UMs) in general.
joints, dfer several advantages compared to conventional On the other hand, in the recent years, research initiatives
mechanisms: reduction of wear, clearance and backlaslgn underactuated robotic hands led to a miniaturization of
compactness, no need for lubrication, simplified assemblythese systems and several interesting compliant prototypes
etc. However, due to their particular behaviour — namely thehave been proposedditti et al,, 2005 Boudreault and Gos-
coupling between applied forgésrques and motion, and the selin 2006 Doria and Birglen2009. For example, Figl
parasitic deformations (a single joint can have several deshows a compliant gripper designed for surgical applications.
grees of freedomSu 2009, the classical kinematic mod- Indeed, the use of compliant joints is a very promising av-
els are not sfficient to accurately describe them. Therefore, enue for the delevopment of compact underactuated grippers,
some models taking into account their specific behavioureven if their theoretical analysis is still in its infandgiglen,
have recently been developed. These models describe tH#006. Important challenges can be mentioned like stabil-
configuration of the mechanisms (represented by a minimalty of grasping Birglen et al, 2008 Kragten et al.2008 or
set of kinematic parameters, i.e., the generalized coordinategprce-isotropic propertieKfut, 2005, and the use of com-
as a function of some external static parameters, such as thgliant joints greatly increases the complexity of the corre-
external loads and the commanded positions of the actuatorsponding analyses.
(Sun et al.1997 Carricatg 1998 Quennouelle and Gosselin Yet, the present paper does not address these issues. Its
2009. Due to the multiple degrees of freedom that can be re-objective is merely to illustrate the use of the KSM and the
quired for an accurate modelling of a single compliant joint, QSM in the modelling of UMs — and in particular underactu-
any compliant mechanism can be considered as an underagted fingers, in order to show the possibiliti€&eced by these
tuated mechanism, i.e., with fewer actuators than degrees ghodels. It is argued that, with further investigations, these
mobility. Therefore, thekinematostatic modglKSM) and ~ models — especially the generalizedfstss matrix (gener-
alized SM) Cho et al, 1989 Griffis and Ddty, 1991, Quen-
nouelle and Gosseljir2008 and the transmission matrix —

Correspondence taC. Quennouelle can become valuable tools for the analysis and control of un-
BY

(c.quennouelle@gmail.com) deractuated robotic hands.



http://creativecommons.org/licenses/by/3.0/

By solving simultaneously the kinematic and the static con-
straints, the pose of the enétector of a mechanism can be
written as a function of the external parameters only. This is
written as

x=M(f.¢o) =P (F (f.¢0)). 1)

Sub-centimetre underactuated compliant
gripper Boudreault and Gosseli20086.

When the gravitational loads are not taken into account, the
equation describing the static equilibrium in a parallel mech-
The first section of this paper deals with the theoreticalanism is written as
formulation of the KSM and the QSM. The equivalence be-
tween the general formulation of the static equilibrium ap- S(¥. f.¢o) =T¢+GTT/1—JTf =0, 2)
plied to UMs and the kinetostatic relation between the ac-
tuation torques and the contact forces used in the underadvherer, andr, are the forces applied on the corresponding
tuation theory is demonstrated. For that, the models havéoints andG = da/dy andJ =da/dy are the Jacobian ma-
been extended to the case of dependent actuated joints. Thdfices of the vectors of the dependent coordinates and of the
when all external forces are function of the configuration of POSe of the endsector with respect to the generalized coor-
the mechanism, the systetdM + grasped objegbecomes ~ dinates.
equivalent to a fully actuated mechanism. In the second sec-
tion, the KSM and the QSM are applied to a compliant 2-
DOF underactuated finger. The implementation of the simu-
lation is presented and some results are discussed. The col Birglen et al. (2008, the relation between the contact
tributions of the KSM and the QSM to this kind of applica- force f. of a grasping UM and the torque; provided by
tion are underlined for analysis, design and control, respecits actuators is expressed as
tively.
K fe=Tot, 3)

with J¥ = J7, such thatl? f . corresponds to the projection of
the dfect of the contact forces, into the generalized coordi-
nates domain; and@; = T;", such thafT}t corresponds to
the projection of the torques provided by the actuator and the
springs in the independent joints, into the generalized coor-
dinates domain.
The kinematic constraints between the dependent coordi- Wwith the following assumptions, the general formulation
natesd, the pose of the endffector platformx and the inde-  of the static equilibrium (EqR) can be brought to the partic-
pendent generalized coordinatieare written ask (4, x,y) = ular case given in Eq3J:
0. By solving the latter, the kinematic model can be writ-
ten as a function of the independent generalized coordinates: — The vector containing the position of all contact points
x =P () for the Cartesian pose add= G () for the depen- is notedx! = [xT;xg;...], and the corresponding Jaco-
dent coordinates. The degree of mobility of the mechanism bian matrix is :J] = [JT;JE;,,,]_
is notedMt and the number of actuators is notéd
— The vector containing the components of all contact
forces isf{ =[f];f;...]. Therefore, the generalized
forces due to the contact forces are written-a$ f . =

This model is less commonly used, (it is sometimes called _J'F';fp_\]gfq_m

kinetostati}. The static constraints between the external

loadsf, the commanded position of the actuatgssand the — The actuated joints are not considered as independent
configuration of the mechanism, represented by the general-  coordinates, i.e., the corresponding coordinateare

ized coordinates are written &y, f,¢o) = 0. By solving components of vectot. The unactuated dependent co-

these static constraints, the configuration of the mechanism  ordinates are notedy. They have zero gthess and
can be written as a function of the external loads and the po-  therefore cannot resist or transmit any force in a static
sition of the actuatorsy = 7 (f,¢o). configuration. One has| = [r;;07].



— Matrix H is composed of the rows @ corresponding  whereTy is the transmission matrix aritly, is the general-
to the actuated dependent joints avids composed of ized SM where the external loads are independent from the
the rows ofG corresponding to the unactuated depen-configuration of the mechanisr@(ennouelle and Gosselin
dent joints, such tha&® "7, =HT7,+NT0=HTr,. 2008. One has

— Among thet generalized coordinate$( have a zero Km, =Ky +K| +KEg,,
stiffness and the& others, notedyy, have a finite sff-
ness £ =9 -9). By definingL = [Ogxa;lexe], the  With K, the SM due to the independent joinks, the inter-
torques applied to the independent joints are written ag?@l SM (due to the dfiness of the dependent joints and the
T, = [O-er;Tl 1"=LT1y,. internal forces) an& g, is the SM due to the external loads
K

- ) (independent frong).
— The vector of joint torques, usedBirglen et al.(2008),

e T [T T
ist' = [T¢’T¢K .
— In Birglen et al.(2008, matrix T, is the Jacobian of

vectory with respect to vectord;y1]T. It inverse is The transmission matrix is@t x A matrix that maps the ef-

fects of a variation in the commanded value of the actuators

given by onto the generalized coordinates, taking into account the ef-
T-T_ [(di)T_(dﬂ)T] 3 [HT'LT] @) fects of the compliance due to the contact forces. It is dif-
U T By’ Tt dy T S ferent from the kinematic “transmission matrix” used in the

theory of underactuatiorBfrglen et al, 2008, because only
the former considers the compliance of the joints.

In Quennouelle and Gosseli2009, only the case for
which the actuated coordinates are independent is addressed.
In the present case, the actuated joints are considered as de-

MatricesH and| being respectively of dimensidit x 2l
andM x £, matrix T3 is a square and invertibiBt x M ma-
trix.

Thus, the static equilibrium (E®) is equivalent to

S=LTr, +H'1,-3] f. =T Tt-3]f.=0. (5)  pendent coordinates and the transmission matsixs then
This confirms that Eq.J) is a particular case of the general defined as
formulation of the static equilibrium of a parallel mechanism. oy ds\ ' ds 1T
o=7——=—|7| /=Ky H Kq. ©)
d¢o dy ) deo °

When the actuated joints are dependent in Hgonly the
For the reasons mentioned above, the KSM of an UM cantermG'r,, and in particulaHr,, are function ofpg. One
be easily established. In the case of a grasping mechanisnmas
there is no pose of endfector platform to be calculated, -
iqurati ! | ds d(H'7e) (aHT
but a configurationy to be determined as a function of the _ :(

positions of the actuators and of the contact forces, writtendTSo ~ deo d¢o
with (dHT/d¢o)7, = 0 becausey, the configuration of the

asy =F (o, fo).
mechanism, is not directly (kinematically) functiondgy.

T¢)—HTK¢=—HTK¢, (8)

In practice, such a mechanism is calleteractuatedbe-
cause there ar®t degrees of mobility for only( actuators.
But in this theoretical KSM, it can be seen that, not only the
actuators have an impact on the configuration of the mecha=

nism, but also the 8n components of the contact forces. Independent: In an UM used as a gripper, the external loads

%re the contact forces. When these forces are considered as
independent from the configuration of the mechanism, they
are taken into account through tKe, matrix as follows:

tors acting on the mechanism, and if thei83components of
the external forces are reduced to oglindependent compo-
nents chosen among them and notethe KSM becomes the

one of a classical fully actuated mechanisf: 7 (¢o, ). K (dJT
Eo =\
dyr

Therefore a contact force on one phalanx can modify the
stiffness of the generalized coordinates and, in turn, the
variation of the configuration of the mechanism due to a
variation of the external parametegs @nd f).

)f. 9)

The QSM of a parallel mechanism provides linear relation-
ships between the infinitesimal variation of the configura-
tion ¢ and that of the external parametegg énd f) (Quen-

) A ) Dependent: However, in a context of grasping, the contact
nouelle and Gosselj2009. This is written as P grasping

forces are generally not independent from the configuration
dl/l=Tod¢o+KK,|J(']JTdf, (6) of the mechanism, since they are mainly generated by the



pressure of the phalanges on the grasped object. Therefore,
these contact forces are in turn, function of the only truly in-
dependent external parameters, namely, the commanded po-
sition of the actuators. The contact force applied on an ob-
ject is related to the position of the phalanx through a SM,
K¢ =diagK p;Kg;...), eachK; being the SM of the object at
the i contact point. The variation of the force is given by
df =Kcdx =K Jdy.

Then, the external SM ¢ is expressed as

dJ’ T T
Ke=-(g;)f~ITKI=Ke, 3K (10)

A generalized SMK can be defined that includes thisfti
ness due to the variation of the external loads. One has

Kum=Kmo—J"KcJ.

Thus, the QSM becomes simply function of tRecom-
manded positions of the actuators. One has

dyr = K ;'K debo = Tdlgho. (11)

In the latter equationT (= dy/d¢o) is no longer a partial
derivative. This is equivalent to saying that when the mech-
anism is grasping a compliant object, the degree of mobility
is reduced frondt to 2.

The KSM and the QSM of compliant mechanisms are ap-
plied to a compliant finger shown in Fig. 2a (more details
about its design are presentedBoudreault and Gosselin
(2009).

A schematic representation of the mechanism is given in
Fig. 2b. The lengths (inmm) of the links aee= 6, h="54,
g=10,b=8, c=54,n=30, I, =25, I, =20, d; =10 and
d, =9. The anglep =1345deg. The actuator is not mod-
elled as a simple torqug, as it is often the case in the liter-
ature, but — according to the reality — as a prismatic compli-
ant actuator of variable commanded lengghand of actual
lengthp. The contact force$, and f 4 on the two phalanges
are respectively applied at a distang@ndl of the revolute
joints 6, andéy.

The mechanism has eight joints with coordinais:61, 65,

63, 04, 05, 65 andp (04 being rigidly linked tod,) and two pla-
nar kinematic loops, thus it has two degrees of mobility. The
chosen independent generalized coordinateg e[ 6,1 |

and the dependent ones are assemblel i [6,;63;6.] for

(a) Prototype with joints made of
nitinol (Boudreault and Gosselin
20096.

(b) Geometry of the 2-DOF underactu-
ated finger.

2-DOF compliant underactuated finger.

the four-bar linkage ang for the actuated loop (actually This passive loop defines three kinematic constraints that
joints 65 and 6 are assumed to be conventional, i.e., with have to be satisfied by the dependent coordinates. Using two
a zero stifness, and therefore their determination is not use-constant lengtha= y/h?+g2 andd =d; +d; and a variable

ful in the KSM). The position of the final phalanx is given lengthr = y/a2+d2-2adcog;, the solution to these con-

by 0q=0>+¢—n. straints, corresponding to the configuration shown in Fig. 2b,




is
{r2+a2—d2) {b2+r2—c2)
6, =arcco$ —— | +arcco$ ———— |,
2ar

2br
b2+c2-r2
ree-r ) (12)

64 =arcco et +arcco d+re-af
4~ 2cr 2dr ‘

63 =arcco<

A simple analysis of the workspace of the four-bar mech-
anism, in the configuration shown in Fig. 2b, reveals that
these relations are only valid fordB18< 6; < 1.8177.

Instantaneous kinematic constraints: The diferentiation
of the kinematic constraints with respect to the joint coordi-
nates can be written &,d0; = —S;d4, with

bsio—csi23 —Csi23 0
—bC12 +CC123 CCpz O (13)
1 1 1]

0 -as +bsy-Ccsps
0 ac-bcpp+casS, =
0 1

Sy =

where s_x stands for sif@ +---+6) (c for cos respec-
tively). From the latter equation, matri@ is obtained as
G=—S;1$w.

The actuated loop is shown in details in Fig. 3a and the
following constant geometric parameters are introduced:

= (J12+12, r1= &€+, «a=arctang/e), B=n—a -
arctang/h), y = (z/2)—arctan(y/ly). The finger is actuated

by a prismatic actuator that moves the lidk This actuator (b) Finger grasping a compliant object.
has a finite sfthess, therefore it is modelled as an ideal pris-
matic actuatop, connected in series with a linear spring of 2-DOF compliant underactuated finger.

stiffnessk,. The commanded position js and the actual
position of this compliant actuator s

By satisfying the loop-closure constraints and introducing
6, =6p—a+y andé; = 6, - j, the actuated coordinatecan

be written as a function of the generalized coordinates: . .
9 the position of the second contact point are chosen to prevent

any ejection, i.e., the first contact cannot be lost when the
second contact is established.

) ) : . T
And the Jacobian matrid can be calculated as The first contact is established ® = [XPC;yPC] and the

p= \/rf +d2+12 420111, - 2rylcy, — 2y 005(9;)—0’1). (14)

op | o o second one iy = [xqc;ch]T. After the deformation of the
. 37‘) ;(rls|n9p+dls|n(9p—91)) object, the actual positions of the contact points becape
H = =l 4 . (15)  andxq and the corresponding deformations are n@beg=
% ——1(rlsin9/1+ Isin(6, - 6})) Xp— Pc andéxq = Xq— Ge. The contact points correspond to
061 p the following particular configurations of the mechanism:

— the first contact is established whepis greater than

In this paper, it is assumed that the grasped object is fixed, Hpczarctar(ypc,xpc),

such that the féect of the force applied by the finger is to _ then, the second contact is established whésigreater
deform the object and not to dlsplac'e it. Itis alsq assu'med thanbye = arctar(ch—mso,xqc—mcp).

that the first contact between the object and the finger is on
the first phalanx, and then the second contact point is on the Finally, 5x, anddxq are equal t® when the corresponding
second phalanx (see Fig. 3b). The design of the finger andontact is not established.



Assuming that the position of a contact point relatively to  The rows of the Jacobian matricés and Jg can be re-
the corresponding phalanx is constant, i,gandlq are con-  assembled into two matricels andJ, (respectively named

stant, the position of the contact points are given by J, andJ; in Birglen et al.(2008). These matrices are
_| TeCo _| MG +laCpq J :[ 0 0 has=| v 0} 20
Xp_[ [pSp and Xq_[ Ms+1gSpq |° (16) ““lmg 0 "M+l lgn| (20)
5 > Static equilibrium: In this finger, the static equilibrium of
with m=h+e Ig= \/(qu_mcp) +(Yoo—mg)” andlp = the mechanism is written as
X3e+ Y2, g} is the value o, when the second contact is SW.po) =1y +H 7, +G 1y = ] f,— 3T f,=0. (1)

establlshed The mapping between the global frame and the
local frames {,n') attached to each phalanx is performed Ej€ction of the finger: The static equilibrium given in
through rotation matrice®;, written as Eqg. (21) can only be reached for positive valuessof, i.e.,
negatives values of the normal contact forcgs= —kion;).
Cpb S
Q :[ p P
S A

Therefore, the following conditions have to be satisfied:
In these frames, the contact points are giverxbyt QpXp =

[15;0]" andxq = [Mc, +1g;—msp] T, and their corresponding
Jacobian matrices are given by

17

Cpqg S
—| Cpa  Spg
andQq= s ¢
pg  Cpg

1:np_o : fnp _ 1T T T T
{ 50 Wlth[fnq =3, (ry+H 7, +G 7, -3 ). (22)

dx, [0 © ms, 0 Joint stiffness: The SM due to the dependent coordinates in
Ip=Qp—r= andJg= : (18)  the generalized is given b
PTNPay Tl O 9= mg+lg g the generalized space is given by
T T
wherer relates the variation of angg to the variation o). K = dG ) = dG U)G, with 7, = K 1 (A1—Ag). (23)
It is written asy = db,/d6, = (a3 —bss)/bss. dy da

In this matrix, only the bottom-right cdiécient is not
zero, i.e., the sfiness of the dependent jointffects only
the position of the second phalafx

Torqueg/forces in the joints: In this compliant mechanism
actuated by a compliant actuator, all the joints can be subactive stiffness due to contact forces:When the corre-

jected to a torquéorce, even in a static configuration. Since, sponding contact is established, itfeets on the sfiness of
the stifness of the joints is supposed to be constant, thesgne mechanism are given by

torquegforces are writtenr, = K, (v—vp), (for v =4,4,p).
MatricesK, is diagonal and contains the fitiesses of the
corresponding joints,yg is the vector composed by the Kg =
undeformed value of the joints.

kqmsq(quxpt:‘ CquDC) 0
(—mqq fiq+ kqmsx(—m% + SpgXpc— Cpqpr))U 0

D E
Contact forces: Since the ceased object is elastic, the contactK En= [F G]’ where the components are

forces can be written as a function of the contact points and in _

turn, of the mechanism configuration. Both contact forces are - I"kp(cpx”°+ Spypc) * kq(mQ] * Iq)(cpqxqc+ quch), (24)
assumed to be proportional to the deformation of the object, E= —(—msq fg+ kq(mcq + Iq)(mql —CpgXqe— quch))n,

i.e., the latter is supposed to have a constant and isotropic SM _

(this assumption being reasonable for relatively small defor- - quq(cpqx“°+ Spquc)r],

mations). Obviously the contact force is zero when there |s
no contact (so i$x;). Each force is expressed in the local
frame as

as(c+acs—bcs)
- 'qkq(le CpaXge— quch) lgfng bcg

Active stiffness due to the compliant actuator:

i v - e rse | 7K cioxi+s0y)| | fi
fl=iox=-kQon=| e L= ] @9 _ s

)= [ 7,+HTK,H. (25)

81/12

In order to ease a future study of the stability of the grasp,

the tangential components of all forces can be assembled

in a vector f; and the normal components in a vectioy
. T

(seeBirglen et al, 2009. One hasf; =[fy; fq| and

fo=[fopi  Tod| -

The generalized SM is given gy =K, + K| + K, + Kgi+
K gn and the matrix of transmission ratio is calculated as
KK



-(mm) (rad) 9q (rad) — (@
] R — — (b
1 2 1.3
(epmaqc)
11F
11 .
.9116 * *
+
0.9r .
6, 10.8 .
0, | .t
LI -p 0.7+ + ]
15 20 25 30 35 08 0.5 09 095
po (mm) 0, (rad)
Configuration of the mechanism as a functiopgf Configurations of several mechanisms in the

(0p,6q) plane.

Results: Figure4 shows the configuratio(m?p,@q) and the ac-
tual length of the actuator far between 15 mm and 35 mm.
The stifness cofficients used for this first simulation cor-

The simulation (using the KSM or the QSM) starts with the respond to those of a conventional UM with compliant ac-
finger open and the contact with the object not establishedyator grasping a rigid object, namely (in N:H: kp =0,

then the value of the only commandable parameter,deg., k,=ks=k;=0,k; =1, k, = 10® andk. = 10°.
is modified. At each step of the simulation, the correspond- The three stages of the grasping process can be clearly
ing values of the sfiness used for the computation are de- seen. When there is no contact, the actual lepgti the
tel‘mined as fO||0WS: |f9p > Qpc (fII'St contact eStabliShed), actuator iS equa' to |ts Commanded Vafhdand the first pha_
kp < ke elsek, < 0. And if 6 > 6c and6y > bgc (bOth con- |anx (angled,) is closing while the second one remains in its
tacts established), theq < ke otherwiseky < 0. Itis also  jpjtial position. Then, when the first contact is established,
assumed that the increments are small enough to neglect thg% remains equal t6,c and the second phalanx is closig (
effect of a contact established between two steps of compuincreases). Finally, when the object is grasped the configura-
tation. tion is set, the actual length of the actuator becomfsreint
Since wherk; =0, the corresponding contact foréeand  from po and a force equal tk, (o — po) is applied on the ob-
SMKE;i are zero for any value d@ix;, the calculation can be ject. It is important to mention that theftrent sections of
directly performed with the relations given in the previous the curves are not lines, the relation betwpgrand @p,6)
section. being nonlinear.
Figure5 shows the possible configurations taken by three
different mechanisms grasping a rigid object and by a mech-
anism grasping a compliant object.

Simulation: By solving numerically the static constraints,
the configuration of the mechanism can be determined as a
function of the commanded value of the actuagtgronly.
Even if the computational time of the KSM depends on the
gap between the initial configuration (used to start the nu-
merical method) and the found configuration, it is relatively
fast, about 10 ms in our Matlab program. This model pro-
vides exact results and is suitable for the analysis and design b. still represents the same mechanism, but the grasped ob-

a. represents the mechanism used in Bigrasping a rigid
object (its stifness cofficient isk; = 10° N.m™). It can
be observed that the mechanism is closing or opening
one phalanx at a time. When both contacts are estab-
lished (i.e., when the poinB{c,6qc) is reached), the con-
figuration is completely set.

of a UM. ject is now compliant, its sfiness being half of that of
The undeformed angles of the compliant joints are the actuatork, = 500N.nt! andk, = 10°N.m™). The

(in rad): O = /4, 010=7/2, B0 = 1437, 630 = 1.819, curve corresponds to (a) when no contact is established

040 = 1.457. The positions of the objects are (in mm) (white area) and when only the first contact is estab-

px =15, py =20, 0x =15, 0y =65. lished (pale gray area). However, when the second con-

tact is set, the mechanism can enter in the dark gray



area, i.e., the mechanism can keep on closing on itself 1072

by squeezing the object. log(egp) S
. . . -3t / L
c. corresponds to a compliant mechanism. Each passive 10 o U
joint has a finite sffness, however the fitness related \+ N
to the first phalanxi(, = 1 n.rad ) is lower that the sff- 10-% '

ness related to the second phalakx={2 N.rad! and

koz4=1N.radl). Even if with these values, the be- ol (2)02 rilnm
haviour of the compliant mechanism is close to that of o= Z/ﬁn
the conventional mechanism, it can be observed, that 0.2 um

a slight coupling between the motions of the two pha- 106t
langes appears when no contact is established (The first
section of the dashed line is not exactly horizontal).

14 16 18 20 22 24 26 28 30 32 34

d. also corresponds to a compliant mechanism. In this po (mm
case, the design of the gripper is poor because tfie sti . .
ness related to the first phalari, & 4 N.rad?) is too Discrepancy irf, between KSM and QSM for fferent

high compared to the $fhess related to the second Apo.
phalanx k; = 1 N.rad? andk, 34 = 0 N.rad?) such that

both phalanges are closing simultaneously. With this 110 second and the major source of inaccuracy in the use
kind of mechanism, a risk exists that the second phalanx,¢ \he 55\ comes from the step where the contact is estab-
establishes the contact first; and even pokes the objecfigne since the test has to be performed at the end of the
Graphically in this case, th(_a line composed with crossesstep' so that the object can be squeezed uplta6;; which
would not pass through pointi. fgc). is another obvious advantage of using small increments. On
the other hand, the fact that the contact is established for a
certain value o) has the advantage of “reinitializing” the

_ _ . _ round-df errors at this step.
Simulation: At each step, the configuration of the mech-

anism is calculated as a function of the previous configura-
tion and the variation of the commanded value of the actua-
tor Apg. This is written asy < ¥+ T App. The comparison of the KSM and the QSM has shown their

The computation of this model is very fast, less thanrespective advantages and drawbacks. The constant and
0.3ms in our Matlab program, however the accuracy de-small computational time of the QSM makes it highly suit-
pends on the magnitude of the incremefitg. In a context  able in a context of real-time control of a manipulator.
of simulation, these roundfiberrors are added step after Hence, with the use of some sensors on this manipulator, the
step, but in a control application, since the parameters caproblem of the round{berrors disappears. The only remain-
be reinitialized using some sensors, the use of the QSM isng problem is the establishment of the contact. However, it
suitable. Hence, it is important to keep in mind that the is also interesting to notice that the presence of sensors would
dynamic éfects are neglected, therefore the variations havenake the knowledge of the contact poiptandq not neces-
to remain small. sary and therefore, would enable a simpler and more general

use of the models. In practice depending on the relatifie sti

Results: The results provided by the QSM are similar to ness of the actuator and the object, the finger may penetrate
those of the KSM, except for the roundEcerrors. Fig-  into the latter at a maximal depth of the increment.
ures6 shows the magnitude of these errors for the compu- The KSM, with kinematic parameters as well as static pa-
tation of 9, for different magnitudes afpg (Apo = 0.2 mm rameters that enable a detailled modelling of the mechanism,
(100 iterations, 30 mspo = 20um (1000 iterations, 0.20s), offers very accurate results and can be useful for the analysis
Apo =2um (10* iterations, 2 s) andpo = 0.20um (1 iter-  and the design of an UM.
ations, 205s).

First, it is interesting to notice that the errordpis grow-
ing faster in the first part of the graph corresponding to the
non-contact section. Indeed, in this part of the curggss In this paper, the kinematostatic and quasi-static models of
varying and therefore the error (that is related to the mag-compliant mechanisms are applied to underactuated mecha-
nitude ofAd,) is larger. Then, whe#, is set (one and two nisms. This application brings some interesting contributions
contacts),Af, is close to zero and thus, the growth of the to the modelling of compliant mechanisms. First, the theo-
error is smaller. retical models are extended to the case of actuated dependent
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1Even in a conventionah-DOF underactuated mechanism, at
leastn—1 springs have to be added in order to set the configuration
of the mechanism when no contact is established.



