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In this paper, the issue of the kinematic — as opposed to dynamic — preshaping of self-edaptive
robotic fingers driven by linkages is discussed. A method to obtain designs of these fingers capable of various
behaviours during their closing motions is presented. The method is based on using triggered passive elements
in carefully selected joints of the finger and the selection or optimization of geometric parameters to obtain
particular kinematic relationships between the motions of the phalanges. This method is very general and
can be applied to any self-adaptive robotic finger in order to obtain mdfereht types of closing motions.
Examples given in this paper are focusing on twidedent preshaping motions, the first one aims at allowing
pinch grasps while the second mimics a human finger. The fundamental aim of this paper is to show that
various preshapings of self-adaptive fingers are possible, not just one, and to give two step-by-step examples.

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

2006h. This approach leads to the automatiechanical

adaptation of the robotic finger to the shape of the object
seized. A classic example of a self-adaptive two-DOF fin-
In the past few years, a significant increase in the developger driven by linkages and its closing sequence is illustrated

. . . . in Fig. 1.
ment of innovative technologies has tried to address the lack Self-adaptive mechanismsfer tremendous possibilities

of commercial success of compl_ex robo_tic ha_nds. Signifi'and have been known for decades but they have been kept in

f{::nt;[eéfg:s_l hak\)/ e_l ,:) ?;r(; ngg;ﬁegdcgﬁsggg S'm"‘;i.sn_ou%he shadows of the exponentially growing capability of dig-

larly in hSIn):anUI rosthetics. A s éc'all’em r?ésg h:asu bee ital architectures. These mechanical systems have been su-
y inhu P ICS. pec phasi rberseded by their electronic counterpart which provided bet-

placed on the reduction of the number of degrees of free'ter, more accurate, cheaper and faster means of performing

dom (DOF), thereby decreasing the number of required ac- . . i
twators. In particular, the SSL handkin et al, 2002, the computing tasksGosselin200§. However, the confinement

DIES-DIEM hand Biagiotti et al, 200 and the Cassino fin- of mechanical systems to the execution of motion under the

T X . control of a higher-level controller has to be considered as a
ger (Figliolini and Ceccarelli2002 have followed this path. . . I . )
On the other hand, a rapidly growing number of prototypesdeSIQn choice rather than an obligation. In this paper:
involve a smaller number of actuators without decreasing — the kinematic preshaping of self-adaptive fingers is
the number of DOF by taking advantages of self-adaptive, defined,
a.k.a. underactuated, mechanisms. These prototypes are usu-
ally either driven by tendonsHirose and Umetanil978 — two examples are given: pinch and anthropomorphic
Crisman et al.1996 Massa et a).2002 Higashimori et al. with the two-phalanx clasS finger,
20053 or by linkages Bekey et al, 1999 Ulrich, 1988 Lal-

: , ? . — geometric parameters to achieve these preshapings are
iberte and Gosselinl998 Kennedy 2001, Ceccarelli et al. 9 P P ping

either selected or optimized,
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Four-bar, Watt’s and Stephenson’s one-DOF linkages.

AR

obtained by writing the loop-closure equations of the link-
Closing sequence of a two-DOF self-adaptive finger. ~ age and a relationship(6s,...,6,) can be obtained. With
Watt’'s and Stephenson’s linkages, this might be challenging
as these equations are highly nonlinear and closed-form solu-
tions have not been reported in the literature to the best of the
author’s knowledge (except in few cases with simplified ge-
ometries). Nevertheless, numerical values can be obtained.

o ) . On the other hand, if the finger is reduced to a four-bar link-
The essence of self-adaptive fingers is twofold: a transm|sage, a closed-form solution exists. The position analysis of

sion linkage used to transmit actuation to the phalanges, and o ,r-par linkage is actually a well-known textbook prob-
passive elements used to constrain the finger. In this pape[g, (Norton, 1992 McCarthy, 2000 and the relationships

it is assumed that the finger is driven by a single actuatoryatyeen the angles of the driveriving cranks and the cou-
and unless otherwise specified the latter is located betweeB|er can be obtained. Even if only the four-bar case is con-
the ground and the transmission linkage. Passive elementg;jered, a wide range of behaviours can be obtained as will
as illustrated in Figl, are key to prevent any undesired mo- o shown.

tions of the finger since the latter haOF while having as

few as one actuator. It is the aim of this paper to present

how, by carefully selecting the type and location of these

passive elements, several very interesting behaviours can be ) ) )
achieved. Many dierent types of passive elements may beAS an example, let us consider the linkage-driven two-
considered&irglen, 2009. Each of them applies a constraint Phalanx class finger Birglen, 2009. A classsS finger with
(i.e.a torqueforce) to a selected joint in the linkage. Springs " phalanges is constituted by a single loop linkage w8

and triggered springs are by far the most popular choice td®ints. The phalanges and the ground to which they are at-
achieve this goal. Using a triggered element in one of thetached are chosen as consecutive links of the mechanism and

joints of a self-adaptive finger, one locks this joint when no connected by revolute joints. Previously, only the case where
external constraint if applied to the mechanism, i.e. whenthis finger presented the particularity of having a ground link
no contact has yet occurred. Therefore, with-phalanx ~ "éduced to a single point was usually considered (cf. Bjig.
self-adaptive finger when— 1 triggered elements are used, 1his choice considerably simplifies mechanical design and
one obtains a single DOF linkage. If a reasonable numbefhe fm_ger bas_ed on this simplification has been extensively
(e.g. less than 6) of binattgrnary links is considered, the nvestigatedBirglen et al, 200§. However, the more gen-
only possible one-DOF linkageBigglen, 2009 are the four- eral case whe(e two distinct joints constitute the gro_und link
bar, Watt's and Stephenson’s linkages, illustrated in Eig. of thg mgchanlsm gllows for much more freedom. Itis worth'
Hence, when no external contact has yet occurred, th&n€ntioning that this class can be easily extended to an arbi-
self-adaptive finger considered behaves as one of these thrd"Y humber of phalanges. Indeed, the definition of this class
linkages. Therefore, if triggered elements are used, a purell that the transmission mechanism is a simple planar motion

kinematic relationship exists between the angles of the phagenerator (e.g-aRRR or RPR chain).

langess; and actuation, i.e. one has Triggered elements placed in any joint(s) of such a three-
phalanx finger to reduce its DOF during the closing motion
Gi(6,02)=0 with i=1,...n (1) results in a four-bar linkage, as illustrated in Fay.In this

figure, the “lock” symbol has been used to indicate which
with an-phalanx finger wherg, is the angle associated with joint holds the triggered element and the resulting four-bar
actuation. A trivial case occurs when the triggered element(s)inkage is highlighted in dashed lines. The kinematic reduc-
is (are) located between the phalangesidj—1 or between tion of the finger to a four-bar is true for any finger of this
the ground and the proximal phalanx. Both cases respecelass when an appropriate number of triggered elements is
tively yields 8; =K or 8; =L whereK andL are constants. used. A maximum number of two passive elements can be
If a triggered element is located elsewhere in the mechalocated in the joints of the transmission linkage since the lat-
nism, i.e. in the transmission linkage, the functignsan be  ter is constituted by only three joints and the actuated joint
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4 and 5, each location for the passive element yields a dif-
) _ ferent association between the geometric parameters of the
Modeling of a four-bar linkage. four-bar with these of the finger (illustrated in Fi).as de-
scribed in Tabld.

is not a proper choice (although in certain cases it can hold a In this tabler is the distance betwedd, andQO,, sis the
passive element, e.g. with compliant fingers). Therefore, ifdistance betwee@; andOs andt is the distance betweddy
more passive elements are required they are necessarily l@éndO,. Each one of these distances is kept constant in its
cated between the phalanges. Yet, the final one-DOF linkageespective case. The angJ@andy are defined by
remains a four-bar.

Let us consider the kinematic modeling of a general four- s o -
bar linkage illustrated in Fig4. Using the loop-closure ,Bzarccofr +d°—a ) and yzarccofczﬁ -b ) 5)
equations, the relationships between the outpufpler, out- 2rd 2ct
putinput and couplgiput angles are obtained. One has re-

Spectively: Note that in case 1, actuation is assumed to be locatéd.in

p? + 0% +m? —n®+20p cosn—2mpcos ¢ —¢) ) Equation @) is very important since it describes the rela-
—2mocos ¢-{-1)=0, tionship between the output phalanx angles of the mechanism
P +n2 + p? — 0%+ 2mMn cos ¢ —6) 3 directly, i.e. without,. By carefully choosing the geometric
—-2mpcos ¢p—¢)—2np cos Pa— ) =0, ) parameters of the fingers and therefore thefments of this

equation, it is possible to approximate several very interest-
ing relationships betweeh andd, for the finger, as will be
With the two-phalanx finger and disregarding the trivial casesshown.

e +n? — 0% — p? + 2mn cos Pa—¢)—20p cosny = 0. (4)



in favor of kinematics. This approach does not require any
P knowledge of the dynamic of the system. Triggered elements
‘ ! are key to this method since they prevent motions under the
\ assumption that dynamic forces are small. Continuous el-
ements on the other hand are much more sensitive to these
ST forces. Furthermore, triggered passive elements allow to
consider simpler one-DOF linkages as discussed in Qect.
and illustrated in Fig2 instead of the complete mechanism.
For instance, the preshaping of two-phalanx fingers such as
Closing sequence of a three-phalanx finger keeping itsthe one described in Fid is the set of both phalanx joint
phalanges aligned. angles when it is reduced to one of the linkages in Rig.
Disregarding again trivial cases where the triggered element
is located in one of the phalanx joints, the preshaping can be
described by a set of two equations, namely

61=01(0a)
{ 62=02(6a) ©)

First, Iet. us briefly recall tr_u_e _definition O.f pre_shaping: the Therefore, providing thad; andg, are invertible (at least lo-
preshapmg ofa f'f‘ger " art|f|C|.aI or not —is defined as Fhe Setcally), the preshaping can be described by a single equation,
of geometric configurations this finger undertakes during thenamely
pregrasping phase, when no contact has yet occuftea/éi

et al, 2002 Supuk et al.2009. With self-adaptive fingers, g;(6;) = g;%(62) < h(61,62) = 0. (7

this issue has been overlooked in the past because of the lim-

ited set of available kinematic architectures known to be able/Vhen the finger can be reduced to a four-bar linkage, Bg. (

to achieve self-adaption. Indeed, to the best of the author'$imply becomes Eq.2J. Following the same method, the
knowledge, most prototypes of self-adaptive robotic fingersPreshaping of am-phalanx finger can be described by a set
have springs located between their phalanges (or a kinematRf n—1 equations. This set of equations usually cannot match
cally equivalent design) in order for the latter to stay aligned@ Particular desired preshaping except in some simple cases
during the pregrasping phase (as i”ustrated in Flwde) (eg in SeCtBZ) HOWeVer, the dference betWeen the sets
This preshaping can be done with any architectures of selfof equations describing the actual and desired preshaping can
adaptive robotic finger since by definition, the phalanges ard>e characterized by a performance index and an optimization
consecutive links of the mechanism and therefore, it is possiProcedure can be used to maximize this index.

ble to locate spring(s) and mechanical limit(s) between them.

Recently, the Robotics Laboratory of Hiroshima Univer-
sity has proposed a method to optimize the preshaping o
one self-adaptive robotic finger originally proposedtinose
and Umetan{1978. This method was dealing witynamic
preshaping(Higashimori et al. 20051, a particular aspect

fAn interesting feature of a few self-adaptive robotic fin-
gers proposed in the literatur@gsselin and Lalibegt 1996
Bartholet 1992 Bégoc et al.2004) is the ability to main-

> . . tain their distal phalanx perpendicular to the palm during
ofthe preshaping issue based on a dynamic analysis. mdeefﬁeir closing sequence. This kinematic property allows pinch

the proposed finger was subjected to very high accelerationgrasps as illustrated in Fig. This is very useful when the

(the'authors cla|m to approach 100 g).'W|th such high a.lc.:cel'finger is seizing objects with linear edges. It should be noted
erations, dynamics becomes a critical issue and a specific d

Yhat the shape adaptation capability must be kept to perform

namic preshaping, optimized to increase the probability forenvelo . : .
. . . . . . ping grasps if required (upper part of Hy. The pre-
the finger to make contact with a spherical object using all its haping equation characteristic of a finger capable of pinch

phalanges, was proposed based on a refined dynamic mo‘g'rasps is

eling. However, this method requires a thorough knowledge

of the dynamics of the system which yields a significant bur- .

den to the designer and is unnecessarily complicated WheEHi 5 ®)

low accelerations are considered. Furthermore, although thig=!

method is very accurate, results obtained afgcdilt to ex- In this case, this preshaping can be described by a single

tend to other designs, for instance fingers based on linkagegnd simple) equation. To achieve this feature, prototypes

as in this paper. have been developped using various solutions such as a com-
On the other handinematic preshapings proposed here plex cam-linkage mechanism that can be disengaBedt-

is defined as the preshaping of a self-adaptive finger fromholet 1992, an additional linkageGosselin and Lalibegt

a quasi-static perspective, i.e. when dynamics is neglected996, or more recently, a combination of two interconnected



enveloping grasp e pepepepupepup—

T
U
T,
Lo case 1l case 2 case 3
i Designs of the two-phalanx claSsarchitecture allowing
Lo pinch preshaping.
pinch grasp - iTi\
5’: perpendicular to the palm until a contact occurs. When this

contact is established, the actuation torque will overcome the

Two possible closing sequences of a three-phalanx fingereloading of the triggered element and initiate the closing

designed to allow pinch grasps. of the other phalanx. Hence, pinch preshaping is achieved
without any additional mechanisms.

Nevertheless, if the contact occurs with the distal pha-
struts with non-reversible valves dubbed e parallelo- lanx during this pregrasping phase, the resulting grasp sta-
gram (Bégoc et al. 2004. These solutions have been re- pility must be studied to determine if the linear contact can
ported to work well but they all require an addition to the pe maintained. Indeed, with a contact on only one pha-
transmission linkage used for self-adaptation. However, iflany, i.e. one constraint, a two-DOF finger without additional
one carefully uses triggered elements in certain joint(s) of themechanisms is not necessarily in static equilibrium as dis-
mechanism, this behaviour can be closely approached withcyssed irBirglen and Gosselif2004). If this is not the case,
out requiring any addition. contact with the whole line will be lost and a sliding motion

It is well known that a parallelogram linkage maintains of the finger in contact with only one vertex of the object
its coupler link parallel to the ground. This property can be will occur. This contact situation can lead to either a stable
used in the design of self-adaptive robotic fingers with pinchgrasp or ejectionRirglen and Gosselir20068. It should be
preshaping. For instance, let us consider the mechanical afoted that the parallelogram linkages proposed in &igre
chitectures presented in Fig. Non-trivial cases (¥3) can  known to achieve very poorly with respect to grasp stability.
be very easily kinematically reduced to a parallelogram if However, this is not an issue here because the parallelogram
simple geometric conditions on the lengths of the links areshape is only maintained during the preshaping phase and

satisfied. Namely, in case 1 they drel; andr=c. Incase  pinch grasps. It is automatically disengaged when a contact
2, they become=d ands=1;. Finally, in case 3 one has does not occur with the distal phalanx.

a=I; andt=d. If these conditions are satisfied, E@) be- Let us consider the case 2 of F&y.The equilibrium equa-

comes tion is defined as a set of contact locations on the distal pha-
lanx leading to a static equilibrium of the finger with no con-

91+92=¢—7]+92. (9) 9 9 g

tact on the proximal phalanx, i.e. the setkgfsuch asf; =0

This equation is valid with any of the three cases consideredCf- Fig5). Note that this situation corresponds to the desired
and it is trivial to show that the right hand side of the pre- plnch.grasp. The equilibrium equation of the finger discussed
vious equation is constant, i@ is canceled in all cases by hereis

n and only the design parameters are left. Therefore, it is .

possible to choose these parameters to exactly matciBEq. ( B(61,62) =ke =y cOSY; (10)
Hence, for the distal phalanx of a two-phalanx cl8dthger  whereh, is the signed distance betwe®ga and the intersec-

to maintain a constant orientation with respect to the groundtion of lines (010,) and ©304). The equilibrium equation
one simply has to place a triggered element in one joint ofvalueeis a particular location of the contact force on the dis-
the transmission linkage, adjust the lengths of the latter intal phalanx (not the value of the force but its location) and a
order for the resulting one-DOF mechanism to be a paralfunction ofhs which is itself a complex function @&, andé,.
lelogram and choose the remaining geometric parameters tdhe equilibrium equation defines a set of contact locations
ensure that Eq9) matches Eq.§). The method isillustrated (a surface) in the grasp-state spaégth.k;). Note that its

in Fig. 8, the green circular arrows indicate possible actuationvalue can be smaller than zero or greater thane. outside
location. With these designs, the distal phalanx will remainthe physical limits of the phalanx. The equilibrium equation



equilibrium point location

Unstable stable Unstable

Stability of a planar pinch grasp depending on the equi-
librium location.

is critical with respect to the grasp stability of a linear con-
tact. It has also been demonstratedirglen and Gosselin
(20061 that a linear contact with the distal phalanx of a two-
phalanx self-adaptive finger is stable if and only if the loca-
tion of the equilibrium position is located between both ver-
tices of the line (cf. Fig9). However, it should be noted that
if this condition cannot be met, ejection will not necessarily
occur. Indeed, the grasp can still be stable(éf,6,) <1, but
with a contact maintained only with one of the edges of the
object.

Therefore, the stability of a linear grasp cannot be guaran

teed in all cases, since the object cannot be assumed to hav

a linear contact with the entire distal phalanx. However, in
most common cases, the linear contact is long enough to e
ceed the physical limit of the distal phalanx, i.e. the rightmost
case of Fig9 can be disregarded, and a compromise can b
found. This compromise lies between the avoidance of ejec
tion, favored by a small value of the equilibrium location, and
the ability to perform pinch grasp, favored by a large value
of the equilibrium location. This compromise can be part of
the optimization procedure characterized by an inidex

0 it max@w >z
_{ min(e/l;)w-  otherwise

.
le

(11)

whereW* is the set of phalanx angles during the preshaping,

i.e. the locus described W + 6, = /2. This performance
index is to be maximized. It ensures that the equilibrium
valuee is the closest possible g over the workspac®V*

(its minimal value is maximized) without being greater than
I, (the score drops to zero).

X_

Preshaping plane

Equilibrium surface

8, (rad)

- 318

2
8, (rad)

Equilibrium surface of the optimal design of
two-phalanx finger with pinch preshaping.

Two-phalanx finger optimal geometric parameters.
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above, one can reduce the original set of 8 geometric param-
e?ers to only foura, a, b andcin case 2 (sincg =n/2—-a
andd = c) to speed up calculations. An example of the result
of such an optimization procedure is presented in T&ble
corresponding to the equilibrium locus illustrated in Fig.

q\lote that the set of angles and 6, during the preshaping

phase, denoted/*, corresponds to a plane in the grasp-state
space and the associated values of the equilibrium locations
— maximized through the indd¥ — are outlined in black in
Fig. 10. The maximal value of the equilibrium equation over
the workspacé&V does not exceed 1. Hence, no ejection oc-
curs and the finger is always stable. The minimal value of the
equilibrium equation in the preshaping ph&geis 62.1% of
I,. This means that any linear contact with one vertex below
0.621l, and the other beyond the limit the phalanx is stable.
This behaviour has been verified with a virtual prototype us-
ing a dynamic simulation package.

The procedure leading to this two-phalanx design can be
adapted to a finger with three phalanges by taking into ac-
count the grasp stability and the expressions of the con-

If the lengths of the proximal and distal phalanges are re-tact forces of three-phalanx fingemBifglen and Gosselin

spectively chosen as 1 atg V2=0.707. The first step of
the optimization is to find out an initial estimate of the geo-

20063. Furthermore, it should be emphasized that this
method is actually not limited to one class of kinematic ar-

metric parameters. This initial choice can be done very easilychitectures (the clasS in this example). In order to main-
by choosing the parameters to form a parallelogram. Then dain the desired orientation of the distal phalanx, one can use

numerical optimization toolbox can be used to further refine

cascaded parallelograms as illustrated in Ef.In this fig-

the design. Taking into account the constraints mentionedire, three architectures froBirglen (2009 are illustrated
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where two triggered elements are used to maintain the ori-
entation of the distal phalanx during the closing preshaping: Comparison of preshaping motions.
The green circular arrows indicate possible actuation loca-
tion, but it should be noted that only one location has to be

chosen, i.e. all three fingers have three DOF but can be driven
by a single actuator.
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When designing prosthetic fingers, two approaches are pos-
sible. Either attention is paid to the closing motion of
the prosthesis to mimic a human finger, i.e. amthropo-
morphic preshapingFigliolini and Ceccarelli2002 Cecca-
relli et al, 2006ha), or to the forces generated by the pha-
langes (e Visser and Herde2000. Since the latter ap-

It is obvious that Eq.2) is highly nonlinear and cannot usu-
ally be reduced into Eql1@). However, a performance index
measuring the closeness of the desired preshaping to the ac-
tual motion can be used, e.qg.

proach does not require a particular closing motion, it hasla: if 1 49 (14)
lead to the introduction of self-adaptive fingers in prosthet- W Jw- f*(61) 2
ics (de Visser and HerdeR00Q Lotti and Vassura2002 1+( mé, _1)

Carrozza et al.2004. However, it is possible to design an

artificial finger that has an anthropomorphic closing motion
while keeping the self-adaptation property as also very re
cently proposed iWu et al.(2009. In Figliolini and Cecca- ) St X
relli (2002, it is illustrated that in the absence of obstacles, 2though its expression is impractical. The workspace of

the closing motion of a human finger exhibits approximately (e finger is defined here &= {90< 6, <197,0 <6, <647}
linear relationships between the rotations of the individual?© Match the workspace proposed~Higliolini and Cecca-
phalanges. Namely, one has relli (2002 and |, is therefore evaluated folV* = 90< 6; <

197. If the joint locked during the preshaping @, (case
6 =m(p—n/2) and 6g=np(0p—n/2), (12) 2 in Fig. 8) the same optimization procedure discussed in
the previous section yields the results presented in Table
gain, these parameters have been obtained Mvithl and
»=11/V2=0.707. This time, the initial estimate has been
i i paper, 16.m) ~(296237) Wit 80 << 197. 105 deomenialy I have spprouinatel e cestec o
Using again the two-phalanx finger illustrated in Fégthe A ap fth ! itial 9 i gl d desired hapi '
mechanism is reduced to a four-bar linkage by locking one comparison ot the Initial, optimat and desired preshaping
joint to approximate the motion described by Efj2)( If motions |s.|I-Ius-trated In Figl2. . . . .
the resulting four-bar linkage is used to drive the last two The equmbrlum surfa.ce' assomateq with this opt|_mal set of
phalanges of a prosthetic finger, i&.= 6, andé, = dq, the geometric parameters. is |Ilgstr§ted in Fig. Equation @)
preshaping equation is for any value ofk_z defines in th_|s grasp-state_ space a pre-
shaping surface illustrated in Fi$j3. Note that ideally, this
6=mP; with m=mp/m. (13) surface should be a plane as the objective of the optimization

where f*(6,) is the solution of Eq.24) for 6,. Again, in
the case of a four-bar linkage it is interesting to note that
a closed-form expression df(6,) exists McCarthy, 2000

where 6.6;,64) are respectively the proximal, intermediate
and distal relative angles between the phalanges. Numeric
values reported iffrigliolini and Ceccarelli2002 are used
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Prototypes of self-adaptive fingers with the discussed
Equilibrium surface of the optimal design of two- preshapings.
phalanx finger with anthropomorphic preshaping.

experimentally during the 2010 IFTOMMSME Interna-
tional Workshop on Underactuated Grasping using fused de-

() position models illustrated in Fid.5. Finally, only two dif-
ferent types of preshaping were discussed in this paper and
with only one simple class of self-adaptive fingers. How-
ever, it is probable that any kind of motion is achievable us-
ing other architectures of self-adaptive fingers and that the
presented preshapings can also be achieved by most of these
other architectures.
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