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In this paper, the author first reviews thefdrent terminologies used in underactuated grasping
and illustrates the current increase of activity on this topic. Then, the (probably) oldest known self-adaptive
mechanism is presented and its performance as an underactuated finger is discussed. Its original application,
namely a flapping wing, is also shown. Finally, it is proposed that the mechanisms currently used in under-
actuated grasping have actually other applications similarly to the previously discussed architecture could be
used for both an underactuated finger and a flapping wing.

This paper was presented at the IFTOKN8ME International Workshop on
Underactuated Grasping (UG2010), 19 August 2010, Montréal, Canada.

The objective of self-adaptive mechanisms is to delegate
part of the control tasks from the electronic board to the
mechanical layout of the system itself. Hence, with self-

Self-adaptive mechanisms as used in underactuated firedaptive robotic hands, parts of the possible motions of the
gers Birglen et al, 2008 are often confused with other fingers have to be uncontrolled electronically. However,
classes of mechanisms because of the lack of a clear defthese motions must be carefully predicted and studied in or-
nition. According toGosselin(2006, adaptive mechanical der to achieve the desired closing sequence, or else, they can
systems are defined as systéinawvhich the ability to adapt  lead to degenerate behaviouBsrglen and Gosselir2006h).

to new external situations relies strictly on mechanical prop- Since some degrees of freedom (DOF) of these hands are not
erties” (quoted). Although the denomination of “adaptive controlled, they are often referred to as “underactuatesl-(
mechanisms” proposed in the latter reference is absoluteljberte and Gosselinl998. Again, this adjective is techni-
correct, the author of this paper often prefers referring tocally correct but has also lead to some confusion. Under-
them as “self-adaptive mechanisms” to avoid confusion. In-actuation in robotic hands is féérent from the concept of
deed, the latter expression emphasizes that the adaptation cdrderactuation usually presented in robotic systems and the
pability refers to the mechanical system itself and does nodifferences between both notions should be made clear. An
describe an algorithmic procedure. As notedG@osselin  underatactuated serial robot is defined as a manipulator with
(2006, adaptive systems are usually associated with comone or more unactuated joints. On the other hand, “under-
puter systems and this has lead to some confusion in underaéctuated” or self-adaptive fingers use passive elements (the
tuated grasping. It should also be noted that “self-adaptive'most common of which are springs) in the design of their un-
has already been used by other authors to describe these sya¢tuated joints. Thus, one should rather think of these joints
tems Rubinger et al.2001; Carrozza et aJ2004. They are  as uncontrollable or passively driven instead of unactuated.

also sometimes referred to as “intelligent” systertdgich, With self-adaptive robotic systems, and conversely to
1988 Gosselin 2003, which is more vague and therefore, ysual underactuated manipulators, the actuation torque (or
should probably be avoided. force) is distributed to each joint of the system. This distri-

bution property is essential and can be related to the Trans-
mission matrix of the linkageBirglen, 2009 which is char-

Correspondence td:. Birglen acteristic of the type of transmission mechanism required
m (lionel.birglen@polymtl.ca) to achieve this distribution. In principle, this distribution
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property is similar to the behaviour of ftérential mecha- Year

nisms. Let us recall that according to the IFToMM termi-
nology (FToMM, 1991), a diferential mechanism is a two-
DOF mechanism that may resolve a single input into two out-

puts _and vice versa. There_fore, i more than two outputs A% cribed because “underactuation” was associated with under-
required — typically three with robotic fingers (for three pha-

langes) — the simplest approach s to stack multipedin- actuated m_anipu!ators. _This has lead the author to start us_ing
tial devices, each stage adding one DOF to the syskéim ( “s_elf-adaptlve” with an |_ncreased _frequency. However, th|§
rose 1985 éirglen and Gosselir20069. An illustration of m|ght no_t belneceslsary in the coming years as underactuation
his process is given in Fid., the out LJts of two dieren- in grasping is getting more well-known. Indeed, the num-
:ial speesaw meghanisms (n%iddle pfesenteBi'ngIen and ber of papers published on underactuation in grasping has

. . ' ) - been steadily increasing in the past few years as illustrated
Gosselin(20069) connected in series drive a robotic finger

o . >~ in Fig. 2. The data from this figure have been obtained by
Eloegtc))tirss#r:gg? I(r:igh\geltl:gsc\;\;ljricggiggirﬁ z;ze:f;%igwe searching the following terms on all the available databases

(1996 and consequently used in several prototypesilf- from the Engineering Village Databdse

erte et al, 2002. (((underactuated) OR (self-adaptive)) AND
However, the designs obtained with this method are onlya  ((hand*) OR (finger*) OR (gripper*))) WN TI
small sample of a vastly larger number (literally thousands)

Publication activity in underactuated grasping.

glen 2009. Hence, dfferential mechanisms is also not the have been manually removed. The total number of references

Passive elements are the second ingredient to selfS€arCh engine are not complete. For instance, well-known
adaptation and are used to kinematically constrain the Sysprotot)'/pes suchas the qnes discusseHlibyse and Umetani
tem. Strictly speaking, the inclusion of a specific pas- (1978; Townsend(2000; Kyberd et al.(200]) do not ap-

sive element is not absolutely necessary to achieve selfP€2" Additionally, the author’s own database of publications

adaptation since inertial properties can be used as “passiv]%as recently reached 500 entries (excluding patents) on un-

elements” Birglen, 2009. In this particular case, the result- fjeractuated g_rasping and related .tqpics. H_owev_er, this test
ing linkage is close to the meaning of underactuation com-S representative of .the level of activity on this topic an_q has
monly found in the literature. However, to the best of the the advantage of being repeatable by anyone (thus verifiable).

author's knowledge only two prototypes of self-adaptive fin- The author is pondering theftlision of his database of pub-

gers have importantly relied on dynamic parameters such alications on a public website similarly to what Prof. Bonev
inertia, namely fromHigashimori et al(2009; Crisman et al. did with the ParalleMI€ for parallel mechanisms. One can

(1996. Since the most common passive element by far issee that during the last ten years, the number of publications

the spring (preloaded or not), it has been deemed mand2n underactuated grasping exploded and this area of research
tory. This is not true, compliance is not at all necessary.is now not anecdotal anymore. Nevertheless, it is also obvi-

For instance, other passive elements are presenidgien ous that it is not yet a “mainstream” issue in robotics. It is
' e author’s opinion that we are only at the beginning of the
(2009. th th that ly at the b f th

As mentioned before, underactuation in grasping has lead  http;/www.engineeringvillage2.org
to some misconception in the past as to which systems it de- 2httpy/www.parallemic.org


http://www.engineeringvillage2.org
http://www.parallemic.org/

TRy : O

compliant joint = 2 S.N{'j ‘ phl
: o ; (

/ |

actuation force

Mechanical wing from Da Vinci's Codex Atlanticus (ca
1496) annotated by the author. Da Vinci's mechanism.

tion in grasping among the research community shares many

curve illustrated in Fig2 and that a new trend in robotics is LS A
traits with Da Vinci's linkage.

emerging for underactuation in grasping is only a small sam
ple of the possible applications of self-adaptive mechanisms.
As an example to illustrate this claim, let us consider the old-
est self-adaptive linkage known to the author: Da VInci's ar- the architecture discussed in this section is shown in&ig.

ticulated wing Birglen et al, 2008. and corresponds to a general model of the drawing found
in the Codex Atlanticus Notice that all the pulleys of this
linkage can freely rotate around their axes.
The Transmission matrix of this mechanismBgglen
et al.(2008:

1 R R R
Leonardo Da Vinci proposed in tt@odex Atlanticus mech- T = ro ro  Ig Q)
anism illustrated in Fig3 based on a cable and pulleys that On-1 11

was intended to drive an artificial wing in one of the fantastic where0,,_; and1,_; are respectively the null vector and iden-
flying machine developed by the Renaissance genius. tity matrix of dimensiom— 1. The radius of a pulley equiv-
It is unknown if such a wing or machine has ever beengjent to thei-th transmission stage (illustrated in the right-
actually tested let alone built by Da Vinci but it proves the hand side of Figd) is notedR; for i = 1,..,n— 1. The linkage
ingenuity of engineers before the discovery of electrical actu-is driven by a base pulley (with a raditg illustrated in the
ators. The mechanism itself consist of several sections, simifeft-hand side of Fig4. It can be shown that the equivalent
lar to phalangeswhose motion was driven by a cable pulled radijus of the-th transmission stage is
by the human pilot of the machine. This cable was attached

to the distal phalanx and ran through the phalanges with ther =r, + bi(rb—al) - (Ii —a)(ar + bl) )
help of pulleys or (maybe) sliding joint. The actual design of & +b?

this wing bears a striking similarity with an anatomic sketch with

of the human finger found in another of Da Vinci's codex Fer 3)
(seeBirglen et al, 2008 for a comparison). More than four 'fl "

hundred years later eery similar design was patented for 2= li =@ +81001-bi,1Sindi.1, (4)
a robotic finger Rovetta et al.1982. The first prototype b=-b;+a;1Sin6;,1 + b, 1081, (%)
of modern underactuated fingers, namely the Soft-Gripper of = Va2 +p2—r2. (6)

Prof. Hirose Hirose and Umetanil978, was also an archi-

tecture in which a cable is run through a series of pulleysWhen computing this equivalent radius, one must take into
until the distal end of the finger. Although in that case, the account that the points where the cable comes in contact with
similarity between the two mechanisms ends here since théhe pulleysr; andri., is variable and depend on the angle
actual design of the Soft-Gripper is quitefdient from Da  6i+1. Similarly to the analysis of th8oft Gripperpresented
Vinci's architecture. It is nonetheless interesting to note thatin (Birglen et al, 2008, the conditions for the forces to be-
this first modern prototype which popularized underactua-come zero are implicit functions that cannot be easily solved.
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Contact forces and stability loci of Da Vinci’s mechanism.

A section of the contact force workspace of the three-phalanx
finger based on Da Vinci's drawing is illustrated in Figfor
contact locations at mid-phalanx. The geometric parameters
used in this example are directly measured from a copy of the
Codex Atlanticusirawings. Note that conversely to the anal- 1
ysis of the same architecture found Birglen et al, 2008,

the parameters used in this paper are these that are illustrated

in the lower part of Fig3, i.e. with a zero-radius pulley which

models a sliding joint. It seemed to be the preferred design

of Da Vinci since he used it in several other sketches of his

flying machines. The grasp-state plane shows if, for an arbitrary initial con-

As can be seen in Fidy, the fully positive workspace — tact situation, the finger will be stable or not. And, if not, if
i.e. the part of it corresponding to the case where all thethe subsequent motion undergone by the finger will converge
contact forces are positive or null — of this architecture istowards a stable equilibrium or ejection. The initial and fi-
rather small. This is especially true when comparing tonal grasp-state associated with the finger under scrutiny are
Prof. Hirose’s Soft Gripper. However, as discusseimglen illustrated in Figs6 and7. In the initial grasp-state plane,
and Gosselif2006h, a fully positive workspace for three- the areas in gray indicate that at least one contact force is
phalanx finger might be actually impossible and more impor-negative which means that a full enveloping grasp with both
tantly, not really desirable. The analysis of the grasp stabilityphalanges is impossible. Then, a sliding motion of the finger
of the finger which aims at predicting if the mobility of a along the surface of the object will begin and either reach a
self-adaptive finger will converge to a stable equilibrium or situation where the finger is in static equilibrium (resulting in
towards ejection of the object from the finger is more mean-a stable pinch grasp) or lose the object (ejection). In Fig.
ingful. Yet, this analysis is challenging especially with three- the areas in gray correspond to ejection while the white zones
phalanx fingersgirglen and Gosselir20063. In this paper, indicate an eventual static equilibrium. As can be seen, the
focus is placed on the analysis of a simpler two-phalanx verfinger is mostly stable for negative angles of the distal pha-
sion of the finger, using the grasp-state plane. The geometritanx which is not usually the part of the workspace where the
parameters associated with this design are listed in Table finger is used.

Da Vinci’'s two-phalanx mechanism geometric parameters.
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motion is not shown for it can take many form, Da Vinci's

o being one but any other self-adaptive linkage proposed in the

&0 _ ' ’ literature could be used. If one looks closely to the sketches
, ‘ 3 made by Da Vinci, it is obvious that the human operator of
4| oo odgg oy : EJECTION i the machine was to provide the actuation force required to

the down stroke of the motion while compliant hinges based
: : on cantilever beams were designed to provide the return ac-
e S R tuation (cf. Fig.3). Thus, the idea of using compliant joints

RS NT in underactuated fingers must be attributed to Da Vinci. This
TR —— '0_7 5 os = " is particularly humbling to note while this idea is recently ac-
ky /1, tively studied by several authors including the one of this pa-
per Dollar and Howe2006 Boudreault and Gosselig006
Final grasp-state plane of Da Vinci's finger. Doria and Birglen2009.

If considering the values of the contact forces was of in-
terest for a grasping finger, in the case of a flapping wing,
the torque distributed by the actuator at the base joint of each

) . phalanx might be a more practical quantity. These torques
From the results of the previous section, we can say that thg o ,piously linked to the contact forces and they are ex-
arc_hltecture of Da Vinci makes_ a poor underactu_ated f'nge_rpressed by another form of the Transmission matrix pre-
Using the same type of transmission, the Soft-Gripper archiggntaq inBirglen (2009. However, to establish the upward

tecture is.a far better choice and generally spgaking, an €Xgrce developed by this flapping wing, one needs a model
cellent gripper. Of course, to be fair, Da Vinci intended his ¢, yhe ajgfluid resistance as a function of the shape of the

design to be part of a flying machine not a grasping finger,ing ang its velocity. This is also necessary to ensure that
so we cannot belittle his invention. For his particular appli- \ha ‘motion of the wing will be optimal. The aerodynamic
cation, Da Vinci also used the shape-adaptation property of; o flapping wing is a very complex problem and there are
the linkage but from an aerodynamic perspective not grasg)nly a few non-numerical models available, e.gMadan-
stability. For a flapping wing, the finger is “in contact” with 4,15 et 41(2004. The characterization of the performance

the air or anpther qui.dic eljvironmel'wt. The general motion O,fof a flapping wing using a self-adaptive linkage is yet an open
a self-adaptive flapping wing constituted of two phalanges is;

issue.
illustrated in Fig.8. The revolute joint between the two pha-
langes is equipped with a torsional spring and a mechanical
limit. Note that the transmission mechanism achieving this
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A self-adaptive gripper based on architect@234

The mechanisms synthesized for underactuated grasping do
not necessarily have to be used as architectures of robotic
fingers or flapping wings using a design basegbalanges
Even for grasping, one can use these mechanisms to syn- ‘
thesize new grippers, as illustrated in FR. The grip- Class C two-DOF
per presented in this figure corresponds to the architectureself-adaptive mechanism
C234 (Birglen, 2009 and has two-DOF driven by a single
actuator. A spring is used as a passive element to constrain9"'¢ 10 A two-DOF self-adaptive linkage driving two slider-
the mechanism (it can be used to keep both jaws synchroSrank linkages.
nized during the pregrasping phase), while the leftmost pris-
matic joint is actuated. A similar mechanism has been pro-
posed to drive two self-adaptive fingemirglen and Gos- This restriction itself can be lifted with other types of self-
selin 20069. Indeed, self-adaptive systems can be con-adaptive mechanisms, closely related to the principle of con-
nected together to obtain new architectures and this hold§nuously variable transmission. The latter is defined as a
for any mechanism properly designed, i.e. not only with dif- technological solution to compensate a variation in the load
ferential mechanisms. In the example depicted in Bjg. driven by an actuator axis. Namely, the ability of a mechan-
the driven system consists of the two outputs struts with theical system to continuously change the reduction ratio of its
ground link between them. actuator in response to a load variation. These systems are in
Additionally, other designs can be built incrementally fact self-adaptive mechanisms too although they have gener-
from the architectures previously synthesized. Indeed, thedlly only one output, namely the actuator axis. Several mech-
known architectures of underactuated fingers are two- o@nisms have been proposed to achieve this capability, mostly
three-DOF mechanisms that can be connected in series dfased on geard{rose et al. 2004 Ishikawa et al. 200Q
using an arbitrary scheme. Providing that the hypotheses de=ujushima et a).200; Takaki and Omate2004) (notice that
scribed inBirglen (2009 are satisfied, the resulting architec- one of these references is from none other than Prof. Hirose
ture will be valid. One can use for instance the motion of @gain). This principle has yet to be extended to multi-DOF
the “distal” pha|anx of an initial design to drive Subsequent SyStemS bUt, prOVided that the actuation distribution condi-
phalanges of an extended version of this finger. tion is satisfied, nothing prevents it. An example of such a
Furthermore, the known architectures are not limited tomechanism is presented in Fig0 where a two-DOF self-
the design of self-adaptive robotic fingers or even grippers2daptive mechanism (the same that was illustrated indyig.
but can be extended to a wide range of applicationsHitn  is used to drive two slider-crank linkages. The mechanism is
rose (1985, Prof. Hirose (again) pioneered the design of completely symmetrical in order to allow complete revolu-
self-adaptive mechanisms using connectéiécéntial mech-  tions of the joints corresponding tq andr,. The actuation
anisms and proposed to adapt the design he used fBdfte torque is noted,. The passive element used here is a spring
Gripper to a wrist-bracing mechanism for a mobile robot. in parallel with a damper (the choice is arbitrary) which re-
This robot was to be used to navigate inside a pipe and upofluces the mechanism into a simple Watt's linkage, i 7,
attaining its destination, deploy rigid limbs driven by the self- (neglecting the dynamics of the linkage itself). If the loads
adaptive mechanism, which allowed them to adapt to the in-0f both slider-crank linkages areftérent as symbolically il-
ternal shape of the pipe, hence providing stable support to erustrated in Fig.10, the passive element will accommodate
gage in maintenance tasks. With all these systems, the onlfhis diference by providing another internal mobility. The

restriction is that the system reacts to an external constrain offansmission linkage will still be distributing the actuation
its DOF (i.e. a contact). torque to both outputs. This accommodation could then be

designed to increase the output torque corresponding to the
largest load in order to manage the increased load. This is the
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