Adaptive Synergies:
an approach to the design of under-actuated robotic hands.
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Abstract— To match the richness and complexity of the
sensory and motor functionalities of a human hand with a
robust and economically reasonable robotic device remains
one of the hardest challenges in the field. Previous work has
explored the possibility to exploit insight from neuroscietific
results on postural correlation patterns (synergies) tamig the
sensorimotor complexity of hands. The postural synergy moel
has been recently extended to account for grasp force contro
through a model of "soft synergies” which incorporate hand
compliance.

In this paper we propose a first translation of such principles
in the design of a robot hand. It so turns out that the
implementation of the soft synergy model in an effective dégn
is not obvious. The solution proposed in this paper rests on
ideas coming from under-actuated hand design. We give a
synthesis method to realize a desired set of soft synergies
through the principled design of adaptive under-actuated nech-
anisms, which we call the method ofadaptive synergies. This _
approach leads to the design and implementation of a prototye
modular hand capable of accommodating an arbitrary number .'__‘
of synergies. The effectiveness of the design is shown in gmng
simulations and experiments.

Fig. 1. The second hand developed within the EU project “THahdH
Embodied” (hereby on THE Second Hand), an under-actuated hath
|. INTRODUCTION 9 degrees of freedom and 4 degrees of actuation, which iseimgited

Neurosciences studies suggest that the brain uses the h%ﬁiﬁ}’i‘fsntgsﬁgrg;o?soﬁgg d“:gtg?;’sSffgs;"‘fetis"teoa’ggsgifﬁégfmﬂ‘&ggﬁv‘i’g'y
as an organized and ordered ensemble. Particular patterns o ' '
muscular activities form a base set analogous to the concept

of basis in theory of vector spaces [1]: a minimal number of Both former approaches use the idea of exploiting only a

linearly independent elements that under specific operstio . :
. . . sybset of all the synergies to generate grasp actions.dndee
generate all members of a given set, in this case, the se : o

2 as shown in [5] and [2], most of the whole hand positional
of all movements. Such basis is referred to as the space 0

postural synergies, or the eigengrasp space [2], [3] and force behavior is encompassed by the set of the first
Recently, different approaches in robotics tried to takfeW synergies. Both [3], [4] are confronted with the gap

. . o etween the number of hands DOFs (Degrees Of Freedom)
advantage from the idea of synergies, aiming to reprodu%

. d actuated synergies. In fact, the simple projection of a
the same “coordinated and ordered ensemble” of human hag ynerg p'e proj

tion. A first ht te thi tem imol X neric grasp configuration on the lower-dimensional sub-
maotion. A Tirst approach to re-create this system implemen pace spanned by only few synergies would imply some error
by control, software synergies on fully actuated robotic

in achieving the desired pose. The software synergy approac

hgndsi Thlsfallpprolach, Sl:_ggestte: l?jy [3]' h?‘s theflmporta&t[sl faces the problem by constraining the motion of each
advantage of largely simplifying the design phase of a gras nger when it comes in contact with the grasped object,

especially when it is performed by a human operator. while a parallel actuation system, realized with memory-

A second and dual approach consists in building unde&hape alloys, was proposed in [6] by the same authors of [4]

gctluattedt(UA) robotic har'l;'grsd which emped,g their me(iha'?c') integrate the (rigid) hardware synergy they implemented
ical struciure, one or mo ware synergies. One example ,q¢0r0 - An improvement over the former solutions is the

of this approach, is the hand design by Asada [4], where twlﬂtroduction ofsoft synergies.

interchangeable set of pulleys are used to close the hahd wit ) . .
different tg es of aras F;n y According to the model proposed in [7], Synergies are
yp grasping. used to define motions of a virtual (reference) hand, which
1“E, Piaggio” Interdept. Research Center, University ofaP@ Largo L. attracts the physical hand. The latter is also subject to
Lazzarino, 56100, Pisa, ltaly repelling forces generated by contact with the grasped ob-
2Jtalian Institute of Technology, Advanced Robotics deptyia Morego, ject and thus reaches an equilibrium grasp configuration
G , Ital . . .
e{nﬁgwﬁ_ catal ano, gi orgi 0. griol i, bi cchi } deﬁned. by the system compllance. In other words, physu:_al
@ent ropi aggi 0. uni pi.it properties of the grasped object and of the hand concur with



the controllable soft synergy gains to determine the oleral Il. SYNERGIES FOR UNDER-ACTUATION OF
compliant behaviors of the system. HANDS

A similar approach is implemented in [8] on the DLR The kinematic conﬂg.ur.atlon of a hand 'i uqucally de-
fined by a vector ofn joint angles,q € R". A (linear)

HAND I, through the means of a suitable impedance con- b . h I b f the ioint
troller. In this implementation, the soft-synergy solutistill Synergy base 1s an or Oggija ase of the joint space,
requires full hand actuation described by a matri¥ € R"*". Thanks to this the hand

configuration is described by the vectore R" as

A different approach for hand design simplification is the g = So. 1
so-called under-actuation (UA). The approach of UA hands
offers many advantages to the designer: saving of spadeach of the columns of is a synergy, by consequence the
weight and cost, all derive from using a lower number ofimount of movement of the hand along thth synergy is
motors. This, over the years, led to the design of a largepresented by the value of thi¢h element ofo.
number of hands and adaptive grippers (for a complete Specifying only a subset®) of the componentsof the
review refer to [9]). One particularly investigated aspett Synergy representation, and setting the value of the other
robotic and prosthetic UA hands &daptivity. Hands, as 7 — k components zero, as in
those proposed in [10] and [11], and grippers, such as in = Sloy--- o7 —

. . = 1 O’k|0 0] =

[12], are characterized by many DOFs but just one degree (k) (k) (k+1,m) k) ()
of actuation (DOA). They are designed to allow passive S+ 8 Op—p =S, (2)
movements which are used to adapt the hand shape to {Bethe basic idea behind the use of synergies for under-
grasped object. These passive movements are determinedsgyuation. The matris*) € R"** is obtained by the first
the equilibrium of the contact forces with passive elemenisolumns ofS, while §(-+1.:n) ¢ R*(n—F) by the remaining
as springs or, less often, clutches or brakes (see [13] apd- k. This under-actuation pattern is that implemented by
[14]). [4], with n = 17 and k = 2. Fig. 1(a) shows a schematic of
the proposed implementation mechanism for the simplified
casen = 3 andk = 2.

A drawback of this approach arises because the reduction
of DOAs comes at the cost of reducing the overall hand
DOFs. This, during a grasping task, could result, in general

enabling a method to effectively exploit synergies for th&ontact points.
design of UA hands, compensating for the adoption of & Hands with soft synergies
reduced number of synergies with the possibility to adapt to

the shape of the objects to be grasped. On the other han A SOIU.“O” to this proplem 1S proposed_by [7]’. W'th.the
introduction of soft synergies. The geometric configuration

we go beyond traditional adaptive hands, by proposing 5f hands actuated with soft synergies is not defined by the

technigue to combine multiple DOAs on the same UA han d of® al but d d he f
in a way that each DOA globally actuates the whole hanéun_c_ate_z synergy vect alone, but depends on t € force
equilibrium between the contact forces and the elasticeforc

and DOAs are hierarchically ordinated by a functional bio- : . . o ) )
S . : of an introduced joint compliance, which ia series with
inspired relationship.

the synergistic actuation system. This translates in lgpgin
Our approach leads to the design and implementation of &fftual hand configuration defined by the truncation of the

experimental prototype hand, with 3-fingers. The prototyp8ynergy vector, as

comprehends easily interchangeable phalanx moduleshwhic g, = S k) ©)

can be connected in series, and a stack of distribution r

mechanisms, in order to be easily customized and expand@fd a joint space stiffness matdx. Within this framework,

It can be mechanically set-up to implement up to fouthe effective hand configuration is determined by solvirgy th

adaptive synergies on fingers with an adjustable numbgguation

of DOFs. Functionality of the prototype is demonstrated I fe = K(qr - q), (4)

in some grasping simulations and experiments with SOMghere 7 is the grasp jacobian anf is the wrench associated
differently shaped objects (see Fig. 1). with the contact forces. The differences between (2) and (4)
The paper is organized as follows: section Il introduceRi9nlight that a soft synergy hand retains all its kinematic
the problem and presents the soft synergies and the adapf@FS: Consequently the number of contact points it can
synergies approaches. Section Ill presents some practi(f?‘&lqu're during a grasp 1s, potentially, the same of a_fully
implementation advantages of adaptive synergies, whde seActuated hand W'_th equal DOFs. The hand_ of '_:'g' 1(b) is the
tion IV shows some of the grasping results obtained witfiOft Synergy equivalent of the one shown in Fig. 1(a).
the de§|gned ?Xpe”memal prototype. Finally, conclusiane 1The superscrip(k) indicates, ino(¥), truncation to the set of first
drawn in section V. components.

In this paper we propose the extension of $bft synergies
framework with the introduction céidaptive synergies. They
integrate the viewpoint of soft synergies with that of adagpt
UA hands.



(a) Rigid synergies (b) Soft synergies (c) Adaptive UA (d) Adaptive synergies

Fig. 2. One simple UA hand made of three fingers, powered byiga) synergies, (b) soft synergies, (c) adaptive undénaton and (d) adaptive
synergies. The implementation of (a) is similar the one psed in [4], implementation of (b) is the same of (a) extendét springs for soft synergies,
while scheme (c) is a reduce version of that proposed in [AD]the system rely on differential transmission, but sclesna) and (b), on one side, and
schemes (c) and (d), on the other, rely on a dual distribypialicy.

B. Hands with adaptive synergies From the kineto-static dualismik relates the forcef

Adaptive UA hands, such as that proposed in [10] anfPPlied by thek actuators to the torque, on then joints

[11], exploit a dual approach to under-actuation, in whiof t T
joints are actuated along some directions of the configumati To=R"f. 8)
space and left free along the remaining others. To obtaBiven that the desired synergistic motion is that specified
such behavior, Adaptive UA hands implement a differentigby equation (2) (i.e. with\ = 0), the movement of the
transmission system, as that shown in Fig. 1(c), whichunperturbed hand is assured by the introduction of elastic
through suitable gear ratios, actuates a linear combimati@lementsin parallel with the mechanical actuation system,
of ¢, as in characterized by the joint space stiffness matkix As a
rq=s, (5) consequence, the hand configuration is specified by the

. ) balance of the contact forces, the spring torque#/q and
wheres is the displacement commanded by the actuator aRde actuation forcef, as in

the row vector is the vector of the transmission ratios from ” -

the actuator to joints. J fe=R"f - Eq. 9)
This approach suggests the implementationadéptive  Actuating the adaptive synergistic hand by direct contifol o

synergies. The desired behavior of an adaptive synergiefhe reduced synergy vectef®), leads to the system

hand, is actuated in the direction of the fifstsynergies, B BT I
and is passively free in the complementary directions. This [ R 0 } { ? ] — [ O'(k)c ] (10)
translates in
g=SH® gk 4 NK) ) (6) Exploiting the Schur-complement block matrix inverse for-

) s & Kinetostat I _— mula, leads to the solution
where the matrixV'®) is a kineto-static complemen , _ _ _ _ _
such thatN®) e A(S®)T) and X is a vector accounting ¢~ (-E+ EVRYRETRY)TIRET) J' fe +
for the movement of the hand in the directions spanned by +E'RT"(RE~'RT)"'o™ (11)
N®) (thus not spanned by)). To attain this, multiple f = (RE'RT)'RE'JTf.+ (RE'RT)" 6™,
distribution system as that described in (5) can be layered (12)

in parallel to actuate a custom number of synergies. Indeed, . o _
collecting the transmission ratios of all layers in a matrixSuitable choices forz and £ are sufficient to implement a
R=[rT,.,rT|7, the system becomes desired synergy matri$(*) as long as

Rq=s. ) S — E1RT(RE~'RT)~1, (13)
In the simplifying case thatl = o/ and R is orthogonal,

. . an .
Choosing the matribx®? € R with complementary rows equation (13) simplifies to

allows for independence of the values ofs. By virtue of i .
this a design where = ¢(*) can be found. S = R (14)



C. Dualism between soft and adaptive synergies () paim (b) finger front (¢) finger side

=

T

=

To finger b To finger ¢
An interesting property of adaptive synergies, is that & th n ‘ o
actuator are driven in force mode, with constant fofce f,
(]

Second
phalanx

equation (9) holds, which can be re-written

JTf. = E (E—lRTf - q)\) . @)

| a,

Comparing it with (4), it can be noticed a parallelism in the Vo
behavior of the two hands. In particular the behavior of an

adaptive synergy hand can match that of a soft synergy hand . N

as long ask = K and f solves

First
phalanx

=

7 Base

¥

From distribution

<

{

.
Distribution i
To finger a

RTf=ESWsk), (16)

Once again, in the simplifying hypotheses tliat= o« and Fig. 3. Enhanced distribution tree to implement adaptiveesgies, as

RRT = I, sinceR = ST, the solution becomeﬁ: acr(k) ) implemented in THE Second Hand. Notice t_hat the pulleys rrezlion the
r finger (panel b and c) are idle, to allow a differential effect

1. ADVANTAGES OF ADAPTIVE SYNERGIES

Equation (16) gives an effective method to implemenjctuation of joints to obtain a differential behavior. This

the behavior of a soft synergy hand on the hardware of afliows to reduce the number of differential systems to
adaptive synergy hand. In this section some design issues

are considered to hint that the physical implementation of dax = (ny — 1)k, (19)

adaptive synergies can have some practical advantage. wheren; << n is the number of fingers in the hand. This

A. Economy of differential systems facilitation is possible just for adaptive synergies inmpén-
tation, where the differential distribution system goesnir

One of the strong motivations behind hand under—actuaticg‘he actuator to many joints, and not from many actuators to

is the inherent gain of space and weight derived by _thﬁ'le single joints as in the soft synergies implementation.
smaller number of motors. This comes at the cost of a slight Given thatk < n andn; << n, the relationship

loss in terms of mechanism complication, which is usually
well balanced. Nevertheless the introduction of synergies Aoy < ds < dg (20)
in a robotic hand could imply an excessive complication , . ) ,
of the mechanism due to the potentially high number 0tFoIds, which concludes in favor of adaptive synergies.
diﬁerential systems needed to mechanically implement g Superposition of synergies
synergic motion. L ,

The implementation of synergies proposed by [4], requires As requested by the definition, synergies are orthogonal.

a number of differential systems equal to: T_h|s allows for eppllcatmn of the superposition effect e t _
different synergistic movements. Each actuator can mave it

ds =n(k—1). (17) synergistic component independently from the others, evhil
o ) ) _ this is true for all the proposed synergies implementation
Th|s_ is also the .number of dlffere_ntlal syste_ms required bMatterns, one important difference arises between thesimpl
the implementation of soft synergies, following the schemg,entation as soft synergies and that as adaptive synergies
of 1(b). This number, which is equal to zero in the case oha¢ can be understood comparing the schemes of Fig. 1(b)
the implementation of one synergy, grows withand can, 4nq 1(d). In the soft synergies implementation (see Fig)1(b
potentially, become large enough to render the hand desighy motors actuating different synergies are coupled heget
complex and bulky. bfy the action of the differential systems: this implies that
If adaptive synergies are accounted for, the number Qfhen one motor is actuating its synergic movement, all the
differential systems is other motors have to hold their position with the same torque
d, = (n— 1)k. (18) On the other side, in the adaptive synergies implementation
(see Fig. 1(d)), each motor actuates all the joints in palrall
At a first glance this solution is even worse: differentiawith the other motors: this allows the use of differently
systems are needed even in the case that only one synerggimd motors to actuate synergies based on the amount of
implemented. Despite this number growing slower tidlan force expected to be needed on it (for example following the
both d, andd, grow linearly up ton? — n, so there is no findings of [2]).
value ofk for which the number of differential systems in the
adaptive synergies case is smaller than in the soft syrergie IV. EXPERIMENTAL PROTOTYPE
one. To validate the above findings, a proof-of-concept rapid
Nevertheless, a clever implementation of fingers, as thatototype hand was designed. The prototype has three fingers
proposed in [15] and shown in Fig. 3, exploits serial tendoand it is modular with respect to: a) the number of phalanxes



(a) Four adaptive synergies (b) One ad. synergy (a)
Grasp
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Fig. 4. THE Second Hand prototype. Left panel shows a pictir First contact, /’
the prototype in a configuration with 3-phalanxes per fingeth four 10k \/-“"
adaptive synergies assembled. Right panel shows a rendprotitype,
assembled with two 4-phalanxes fingers, a 2-phalanxes thamaebone o : . . . . . . . .
adaptive synergy. 0 0.2 0.4 0.6 0.8 o ﬁ:m] 1.2 1.4 1.6 1.8 2
1
(a) Finger exp. view (b) Palm layer (b) © (d)
] o= &=
-,
i i N -

(e) () ©

- ] <m =
Fig. 5. THE Second hand prototype CAD: exploded view of ongdin
(a), render of one base module (b). i

. . . . Fig. 6. Simulated interaction of the first finger and a ballinigiractuation
in each finger and b) the the number adaptive synergies the first synergy. The graph plots joints angles in [deg]sgnergy

which goes up to four. A picture of the prototype assembleektension in [m]. As you can see Fig. 5(e), Fig. 5(f), Fig.)h(gnce a link

with 3-pha|anxes fingers and four adaptive synergies {guches the object the angle joint stops while the forwaidtgocontinue

shown in Fig. 3(a). Another possible assembly With TWO 4e rominal enaiosere whan the fnger & oe 1 movet T ) oMo
phalanxes fingers, one 2-phalanxes thumb and one adaptive
synergy is shown, instead, in Fig. 3(b).

The prototype is composed by two main sub-systems: B Palm
palm holding three fingers, and a four layer system (one of In each layer of the palm (as in Fig. 4(b)) a frame (19)
which is shown in Fig. 4(b)), holding the servomotors anéhnd some supports (16), (11) made of ABS plastic hold
the differential systems, necessary to transmit the tofique  the differential mechanism (13) and servomotors (12). On
the motors to the fingers. the differentials and the motor, Derlin spur gears (17) and
pulleys (14), (15), (18) are mounted, to distribute motion t

] ) ) the tendons.
Each finger (Fig. 4(a)) is made by a base fork (4a), a

variable number (two in the figure) of middle forks (4b) and<- Experimental Setup

one terminal fork (4c), realized in ABS plastic. Steel axes In this section, some results are shown to illustrate the

(7) are constrained to the upper part of each fork, hostingrototype functionalities, both in simulation and expegirts.

pulleys (3), made of Derlin plastic, mounted on brass bush@he prototype was assembled with 3 phalanxes for each

(2). Each fork has a cave on its back to hosts a spring (6)nger, as shown in Fig. 3(a). Similar springs are mounted

which is constrained to a steel axis (9) on the upper side oh all the joints, yielding for a joint stiffness matrik =

the fork and to a corresponding axis of the previous fork i201g,9 [Nmm/rad).

the chain. This solution adopts the springs to actuate dlreco The problem of designing the best synergies for a given,

movement, antagonist to the tendons. Each fork is coveredn-anthropomorphic hand is a non-trivial task, far from th

on both faces with an ABS cover (1), (5). scope of this paper, thus, choice of matfximplemented
Each finger is a seriah R robot (n depends on the num- for the experiments presented here was arbitrary, but for

ber on phalanxes on the finger), on each joint a group of foar simple heuristic that, the first synergy was designed to

pulleys hosts the four tendons that implement the differerilow a closing movement of grasping. The other three

adaptive synergies (see Fig.s 2(b),2(c)). Every singleefingsynergies were realized but an in-depth exploration ofrthei

can be easily disassembled, allowing for fast addition anghieaningfulness is left for future experimentations.

removal the pulleys and phalanxes to experiment different Given the choice of matrix, this translates, by applica-

synergies. tion of (14), into the transmission matri®, and ultimately

A. Finger



Fig. 7. THE Second hand prototype, closed by the actuatiorthef
first synergy,c1 = 30% without external forces (left) and with external
forces (right). From the right image the adaptivity wareghtmotions in the
complementary directions can be noticed.

(b)

7,5cm

(b)

(d)

proposed method merges the concept of synergies with that
of adaptivity usually found in UA hands and smart grippers,
in the idea ofadaptive synergies. The approach has been
mathematically derived and compared to the approach of soft
synergies. Some implementation aspects of synergic hands
were discussed, leading to the design and implementation of
a prototype hand with adaptive synergies. The prototype ef-
fectiveness has been shown with some grasping experiments.
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Fig. 8. Characteristic lengths of the test objects graspékd experimental 0
trials.

in radii of the pulleys within the fingers. 2]

D. Grasp Smulations

Fig. (6) shows some simulation results of a finger graspinds]
a ball with the first synergy. In this experiment the ball
is fixed to the reference frame. Joint angles are plotted
versuso; in 5(a), compared with the virtual trajectory of 4
the joints not contacting the object. It can be noticed that
all the joints close with the same ratio as long as there is
no contact. On the other side, after the first phalanx comtact
the object (Fig. 5(e)), the remaining two joint keep closing|s]
at the same rate respect to each other (remaining in the
synergy manifold), but at a higher rate with respect to the[G]
same change ia, due to the differential effect. The same
effect repeats after the second phalanx contacts the object
(Fig. 5(f)), until the third contact (Fig. 5(g)), after wiiche 7]
movement stops.

E. Grasp Examples

Some experimental tests were performed to demonstrat[(se]
the main characteristics of THE Second hand. At first the
hand is closed along the first synergy without any object igg]
it (Fig. 6(a)), to show the shape of the hand closing alon
the first synergy. At this point external forces are applied t[10]
the hand to show how it can move along the complementary
directions\ (see Fig. 6(b).

In a second experiment, some simple grasp tests weng]
performed to show the hand adaptivity during grasp of real
objects whose dimensions are described in Fig. 8. The abje¢t
used are a ball, a cylinder, a box and a L-shaped box. Pictures
of the resulting grasp positions are shown in Fig. 1

V. CONCLUSIONS [14]

This paper presented a novel methodology to desighdl
UA robotic hands exploiting the synergies approach. The

(23]

and ERC Advanced Grant 291166 (SoftHands).
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