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Underactuation in robotic grasping hands

Thierry Laliberté’, Lionel Birglenf, and Clément M. Gosselinf

Abstract: This paper presents the development of selfadaptive and reconfigurable hands which are versatile and
easy to control. These hands have three fingers and each of the fingers has three phalanges. The selfadaptability of
the hands is obtained using underactuation. Also, the reconfigurability of the hands is obtained by reorienting the
fingers. The design of a three-degree-of-freedom (dof) underactuated finger, used in all the hands, is first intro-
duced. A first hand, which has 12 dofs and 6 motors is then presented. Subsequently, by including underactuation
among the fingers and coupling their orientation, a second hand with 10 dofs and 2 motors is obtained. Finally,

control issues and experimental results are presented.
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1. Introduction

OMPLEX tasks involving the grasping of various ob-

jects in an unstructured environment are still being
performed by human operators, even in hostile environ-
ments. One of the main obstacles to the teleoperation or
automation of these tasks has been the lack of versatile
grasping tools, i.e., of robotic hands. In many applications,
the manipulation of objects with very complex mechani-
cal hands [1][2][3] or human hands is often not essential
and grasping devices are sufficient. However, simple grip-
pers [4] are not appropriate in most cases because they are
not capable of adapting to the shape of different objects.
Hence, the development of versatile robotic hands which
are capable of grasping a wide variety of objects with a
very simple control structure is of great interest for many
applications. Such hands can be obtained with the help of
underactuation.
This paper presents underactuation in robotic grasping
hands. First, the concept of underactuated grippers is intro-
duced. Then, the design of three-dof fingers is discussed.
Three of these fingers are then included in a hand having 6
motors. This hand is then modified in order to include un-
deractuation among the fingers and obtain a hand with only
2 motors. Finally, control issues and experimental results
are discussed.

2. Selfadaptation from underactuation
2.1 Underactuation

An underactuated mechanism is one which has fewer actu-
ators than dofs. When applied to mechanical fingers, the
concept of underactuation leads to selfadaptability. Self-
adaptive fingers will envelope the objects to be grasped
and automatically adapt to their shape with only one ac-
tuator and without complex control strategies. In order to
obtain a determined system, elastic elements and mechan-
ical limits must be introduced in statically underactuated
mechanisms. While a finger is closing on an object, the
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configuration of the finger at any time is determined by the
external constraints associated with the object. When the
object is fully grasped, the force applied at the actuator is
distributed among the phalanges.

A closing sequence of an underactuated two-dof finger is
shown in Fig. 1 in order to clearly illustrate the concept of

underactuation. The finger is actuated through the lower
link, as shown by the arrow in the figure. Since there are
two dofs and one actuator, one (two minus one) elastic el-

ement must be used. In the present example, an extension

spring is used which tends to maintain the finger fully ex-
tended. A mechanical limit is used to keep the phalanges

aligned under the action of this spring when no external

forces are applied on the phalanges. It should be noted that

the sequence occurs with a continuous motion of the actu-

ator. In a), the finger is in its initial configuration and no
external forces are present. The finger behaves as a sin-
gle rigid body in rotation about a fixed pivot. In b), the
proximal phalanx makes contact with the object. In c), the

second phalanx is moving with respect to the first one —
the second phalanx is moving away from the mechanical

limit — and the finger is closing on the object since the
proximal phalanx is constrained by the object. During this

phase, the actuator has to produce the force required to ex-

tend the spring. Finally, in d), both phalanges are in con-

tact with the object and the finger has completed the shape
adaptation phase. The actuator force is distributed among

the two phalanges in contact with the object.

Fig.1 Closing sequence of an underactuated two-dof finger.
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2.2 Literature review

A few underactuated fingers have been proposed in the lit-
erature. Some of them are based on linkages while oth-

ers are based on tendon-actuated mechanisms. Examples

of underactuated hands based on tendons are given in[5],

[6] and [7]. Tendon systems are generally limited to rather

small grasping forces and they lead to friction and elastic-

ity. Hence, for applications in which large grasping forces

are expected, linkage mechanisms are usually preferred and

the present work is limited to the study of the latter mecha-

nisms. One of the only studies on the statics of underactu-

ated grippers is presented in [8]. In the latter reference, the

static analysis of a system composed of two fingers, each
having two dofs, is performed and some results are given

to present the advantages of underactuated fingers over a
simple parallel gripper. In[9], an underactuated hand with

three fingers is presented. Each of the fingers is based on
a two-dof mechanism having two phalanges and one ac-

tuator. Additionally, a special mechanism is introduced in

order to allow the distal phalanges to be maintained orthog-

onal to the palm when precision grasps are performed. In

[10], a mechanical hand resembling the human hand is pre-

sented. Each of the fingers is composed of three phalanges
but has only two dofs since the motion of the last phalanx

is directly coupled to the motion of the second phalanx.

Another way to reduce the number of motors can also be

found in the literature [11] [12]. It consists in using brakes

or clutches in order to sequentially drive the different dofs

with a single actuator. Such systems are different from the

underactuated mechanisms described above in behaviour

and implementation. It is also possible to reduce the num-

ber of motors by introducing compliance for each of the

dofs. In[13], each of the fingers is linked to a common ac-
tuator through compliant springs. If one of the fingers is
blocked, the other ones are not blocked for a certain range.

The stiffness of the springs must be sufficiently small in
order to allow adaptation. Therefore, the stiffness of the

grasp is limited. Finally, it should be clearly understood

that robotic or prosthetic fingers in which the motion is
mechanically coupled [13] [14] [15] are not underactuated.

Indeed, they are designed to mimic the motion of human

fingers but the relative motion of the phalanges is deter-
mined at the design stage and therefore no shape adaptation

is possible.

3. Stability of the grasp — equilibrium vs ejection
3.1 Static Analysis

Underactuation in robotic hands generates intriguing prop-
erties. For example, a finger cannot always apply forces
with all its phalanges on the grasped object. To illustrate
this point, consider the example of a 2-DOF underactuated
finger that can be thought of as the last two phalanges of
the prototypes presented below (Fig. 2).

In order to determine the configurations where this finger
can apply forces to the object grasped, one shall proceed
with a quasi-static modeling of the finger. The latter will
provide us with the relationship between the input actuator
torque and the forces exerted on the object. Equating the

Fig.2 Model of underactuated 2-DOF finger.

input and the output virtual powers, one obtains

tTw, =flv 1)
where t is the input torque vector exerted by the actuator
and the spring, w,, is the corresponding velocity vector,
is the vector of contact forces, and v is the velocity of the
contact points projected onto the respective normals of the
phalanges. Contact forces are assumed to be normal to the
phalanges and without friction. The projected velocities of
the contact points can be simply expressed as the product
of a Jacobian matrix J and the derivatives of the phalanx
joint coordinates which is a natural choice, i.e. v = Jr0.
Through differential calculus, one can also relate vector w,,
to the derivatives of the phalanx joint coordinates defined
previously with an actuation Jacobian matrix J 4, i.e. 6 =
J swq. Finally, one obtains

f=J3,73,", )
which is the equation that provides a practical relationship
between the actuator torques and contact forces. The re-
sulting expression for f has been verified with a classical
static analysis. If the spring contribution is neglected —
which is justified in practice — the analytical expressions
are rather simple linear functions of the actuator torque,
e.g. for the two-phalanx finger, one has

B (je — hcosO)k
 akeje (cot Bcosn + sinn)
h

F, = T, 4
7 aj. (cot B cosn + sinn) @

Iy,

©)

where h = ¢(cos(0 — 1) —sin(0 — 1) cot () is the distance
between point O; and the intersection of lines (OO ) and
(P1Py). Also, 7 is the angle between link a and the first
phalanx. Moreover, if the springs are neglected, the pha-
langes are identical to a serial underactuated manipulator
in the common sense of the term. Given the above result
one can study the condition under which both £}, and F; are
positive, corresponding to a full-phalanx grasp, which is a
function of the geometric configuration of the finger (de-
scribed by vector 8) and the contact locations on the pha-
langes given by k. and j.. In an unstable configuration, the
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closing process will force the finger to lose contact with the
proximal phalanx. The distal phalanx contact is lost only

in rare singular cases corresponding to hyperflexion of the

finger. In such cases, contact is definitely lost, i.e. equilib-
rium cannot be attained anymore. In the other case, con-

tact will only remain with the distal phalanx. However, an

equilibrium position can still be attained but just for a one

and unique particular position of contact j.. Static analysis

shows that this contact position should be

je = e =ccosf(cos(d — ) —sin(f — ) cot 3)  (5)
with the corresponding contact force being
T
Fi= acosf(sinn + cosncot 3) ©)

Note that the term cos 6 in the denominator of F; also im-
plies that contact can only be kept for —7/2 < 6 < 7/2
which will be the boundaries of the graphs illustrating sta-
bility along with 0 < j. < j. It can be shown that the rest
of the denominator of £ is always positive. Geometrically,
the above expression implies that the contact force should
be located on the projection onto the distal phalanx of the
intersection of lines (OO, ) and (P, P). Indeed, the dis-
tal phalanx is subjected to three pure forces, thus equilib-
rium can only exist if they all intersect in a common point.
In previous work it has been conjectured that during the
sliding of the phalanx along the contact point, the latter
tends to converge towards the equilibrium point, which is,
however, not always physically located on the phalanx, i.e.
Je| e > 4, which corresponds to situations that can lead to
ejection. Unfortunately, this convergence does not always
occur. To illustrate this point, examine the evolution of the
contact location as seen from the phalanx. It can be easily
shown that if only this contact exists and it is fixed in space,
one has

U]

where j.; and 6; are an arbitrary initial configuration, for
example, the instant when the contact on the first phalanx
is lost. This equation allows us to obtain the precise evolu-
tion of the contact position with respect to the evolution of
6. The latter is itself determined by the location of the con-
tact with respect to the equilibrium position. If the contact
is located below the equilibrium point, the finger under-
goes an opening motion and thus # increases. Contact state
evolves along the trajectories defined by eq. (7), and then,
if the contact trajectory crosses the equilibrium equation
defined by eq. (5), the grasp is finally stable, or else contact
with the object will be lost, namely one obtains the ejection
phenomenon (illustrated in Fig. 3). This phenomenon has
been noticed in[16],[17], and is related to the self posture
changeability of mechanisms described in [18],[19] but has
never been closely studied despite its importance.
Depending on the geometric parameters of the mechanism,
one can obtain the final stability of the grasp depending on
the initial contact situation, as presented on Fig. 4 for a set
of parameters presented in Table 1.

Contact trajectories defined above are indicated by dotted
lines on Fig. 4, arrows indicate the direction of the con-
tact evolution, and dashed lines indicate the equilibrium

32— j% + 2k(jecos O — je;cosf;) =0

A

Fig.3 The closing-ejection phenomenon.

Tablel Geometric parameters

FI 7 [0 Tal b <]
(L3 [0 [1]6/5]1/3]

equation. The contact state — defined by the pair (0, 4.)
— slides along a dotted line until either crossing the equi-
librium curve (resulting in a stable grasp) or leaving the
boundaries of the graph (contact lost, ejection). Given the
evolution of 6, one can separate the equilibrium curve in
two distinct stable parts, one attracting limit (the lower part
on the graph) and a repulsive limit (upper part), the tran-
sition between the two modes being the tangent point be-
tween the contact trajectories and equilibrium curve, which
is often close to the maximal ratio j./j theoretically at-
tained by the equilibrium equation.

Stability Frontier
T T

-2 T T T
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v -~ .

-
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Fig.4 Final stability of the grasp with one phalanx contact.

However, when the equilibrium point leaves physically the
phalanx (e > j), another unstable frontier appears. Con-
tact situations under the equilibrium curve and on the right
hand side of the stability limit (shaded area number 2) are
unstable because the contact trajectories cross the bound-
ary j./j = 1 before attaining the attractive limit. The lat-
ter is not physically on the phalanx for this trajectory and
this parameter set. This corresponds to the ejection phe-
nomenon depicted on Fig. 3, ejection for a closing motion
(@ increases) of the distal phalanx. Ejection for an open-
ing motion (6 decreases) of the distal phalanx can also oc-
cur (shaded area number (1)). If the distal phalanx tends
to open, the motion of link a (thus motion as seen from
the actuator) is still a closing process. Nevertheless, the
contact situation will open the finger. This can and should
be prevented using mechanical limits. For example, a me-
chanical limit such as 6 > 0 will eliminate the ejection of
type 1 since the point of the contact trajectories with verti-
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cal tangent are defined by

0=0

{ 52— 0%+ 2k — Gucost) =0 ©
Furthermore, another limit such as 6 < /2 should also be
used since contact forces can only be kept for —7/2 < 0 <
/2 as discussed after eq. 6. The large regions of instabil-
ity in Fig. 4 will hence be significantly reduced by using
mechanical limits. One should also remember that unsta-
ble regions of type (1) on this figure corresponds to stable
two-phalanx contact grasps. Each stability region is dual
to the other. Hence, in most cases, i.e. when the contact
is initially established with the proximal phalanx, the final
grasp will be stable with the notable exception of the sec-
ond type of unstable region. This type of instability should
be therefore avoided as much as possible through suitable
design. Moreover, if joint limits are used, they act as stable
limits (however not attractive).

In conclusion, the equation of the equilibrium point is of ut-
termost importance for the stability of the grasp and allows
us to choose between two-phalanx (power) or one-phalanx
(pinch) grasps. One shall then proceed with the detailed
study of this function. These results can be extended to the
three-phalanx case if there is no motion of the first phalanx
or it is negligible.

3.2 Equilibrium Point Equation
The equilibrium equation (5) can be written as

e = ccosf(cos(0 — ) — Ksin(0 — ) 9)

where K = cot (8 describes the opening of the four-bar
linkage (OO; P, ;). The equilibrium location equation (9)
is primarily function of two parameters, namely the ratio
¢/a and the angle +. Their respective influence is shown in
Fig. 5.

The limit ratio ¢/a = 1 (i.e. = 0 in all configurations)
should be avoided, since, in that case, the one-phalanx con-
tact case is always unstable, due to the impossible equilib-
rium of the distal phalanx. The latter is subjected to three
forces, two of them being always parallel. The equilibrium
point is thus pushed to infinity. On the other hand, one can
use the previous results to design a finger that eliminates
the ejection phenomenon. One of these designs has been
used in the prototypes presented in this paper.

4. Three-dof underactuated finger
4.1 Design

As presented in the literature review, the existing under-
actuated fingers based on linkages have two phalanges or
three coupled phalanges with two dofs. However, it is de-
sirable to design an underactuated finger with three pha-
langes and three dofs since it leads to more stable grasps
and more efficient shape adaptation. The result is a be-
haviour similar to that of human fingers. This finger mech-
anism has been introduced in [20] and is illustrated in Fig.
6. In order to obtain a three-dof finger with three phalanges,
a four-bar mechanism is added to the five-bar mechanism
of a two-dof finger. It is important to notice that the be-
haviour of the finger is determined by its geometry, pre-
scribed at the design stage, since the different dofs cannot

Equilibrium Position
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Fig.5 Equilibrium position.

be controlled independently. Hence, the choice of the de-
sign parameters is a crucial issue in order to obtain stable
grasps and a proper distribution of the forces among the
phalanges.

The different parameters involved in the design, illustrated
in Fig. 6, are now discussed. The length of the phalanges,
i.e., I, k, j are fixed from comparison with other exist-
ing fingers, simulations and experimentation with a finger
model on objects to be grasped. The remaining design vari-
ables are a;, b;, ¢; and 1);. In order to introduce design con-
straints and to reduce the number of independent variables,
some relationships between these parameters are imposed,
reducing the number of variables to two. In[16], it was
shown that the behaviour of the fingers is mainly dictated
by the ratios R; = a;/c¢;. In order to minimize the “thick-
ness’ of the finger, the length ¢ should be as small as pos-
sible but is limited by mechanical interference considera-
tions. Therefore, ¢; is fixed, and then g; is fixed for a given
ratio. The performance of the finger regarding the stability
of behaviour, the mechanical interferences and the internal
forces is optimal if the transmission angle is close to 90
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Fig.6 Three-dof shape adaptation finger mechanism in an average con-
figuration.

degrees when the finger is in an average configuration, as
illustrated in Fig. 6. Note that the minimum and maximum
values as well as the range of motion for the opening of
each phalanx are the following (total ranges in parenthe-
ses): first joint, relative to the palm, 60 to 130 (70) degrees;
second joint, ar; = 90 to 180 (90) degrees; and third joint,
a2 =90 to 200 (110) degrees. The parameters b; and 1); can
be computed from this criterion. First, the average configu-
ration of the finger is defined as the configuration in which
angles a; and a are given by

QG min + QG mazx
2 b
where a; min, IS the minimum value of angle «; and o ymqx

is its maximum value. Then, the average angles 3; and (3,
as defined in Fig. 6, are given by

i=1,2 (10)

o =

(1 = arcsin (al l_cl> , B2 = arcsin (%) (11)
which leads to values of b; given by
b1 = lcos f1, by = k cos (3o (12)
and to the values of ¢; given by
Y1 =m—a1+ P2 — b, 1#2:3;—042—@ (13)

Using the above equations as design constraints, all the ge-
ometric parameters can be computed as functions of the
ratios R; and Rs.

A study is then performed on fingers with different combi-
nations of ratios R;, giving an overview of possible fingers.
To perform the study, a series of grasps are performed on
circular objects (disks) of different sizes and at different
positions relative to the palm, in order to simulate different
sizes and shapes of objects, using a simulation tool pre-
sented in[16].

The main criteria used to determine the performance of the
fingers are:

a) The sum of the forces applied by each finger on the ob-
ject must be directed towards the palm (F,) and the oppo-
site finger () in order to obtain a stable grasp. Also, the

forces F, should be larger than the forces F,, in order to
obtain balanced grasps, since the forces F,, work in coop-
eration (towards the palm) and the forces F,, work in oppo-
sition (against each other). That is, F,, = EF),, where the
value of E' depends on the type of grasp and is generally
approximately equal to 2. The performance index associ-
ated with the resulting forces is given by the sum of the
smallest force for each of the m objects grasped.

Z?;l min(Fg“-, EFyyl)
m

Iy = (14)

b) The forces should be well distributed among the pha-

langes in order to avoid large local forces on the object.

The corresponding index is defined as the ratio of the total

force on the three phalanges divided by the largest force.
m Fii+FritFji

Zi:l ma}Lc(FlyijCFk,i,Fj,i)

m

Ilkj = (15)
c) An equilibrium point should exist on the last physical
phalanx in all configurations in order to ensure feasible
grasps and avoid object ejection, as discussed previously.
If the equilibrium point is on the last physical phalanx, the
index I, = 1; if it is not, the index 1., = 0.
d) The finger mechanism should be as compact as possi-
ble. If the finger is sufficiently compact, the index I = 1.
Otherwise, the index is between 0 and 1.
The performance indices are combined in order to obtain a
global index

Ig = I2, Iigjlep I (16)

for each of the finger designs. The index L., is squared
since it is the most important criterion. A graph of I as a
function of R, and R, is presented in Fig. 7. An effective
finger can then be chosen among the best values of 4. For
example, Ry = 2and Ry, = 2.5.

Fig.7 Global performance index.

4.2 Parallel precision grasp mechanism

Underactuated fingers cannot perform precision grasps
while maintaining the distal phalanges parallel to each
other, for objects of different sizes. However, this feature
allows more stable grasps when only the tips of the fingers
are used and is very often feasible with simple grippers.
A mechanism has been proposed in order to achieve this
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behaviour for a two-dof underactuated finger [9]. A mech-
anism achieving a similar behaviour with the third phalanx
of a three-dof underactuated finger has been developed here
[20] and is illustrated in Fig. 8. It is composed of two par-
allelograms mounted in series. This mechanism is coupled
to the phalanges of the finger but not to the other links of
the shape adaptation mechanism (it is moving on a paral-
lel plane). Two mechanical limits with springs at the top
and bottom ends of the mechanism allow precision grasps
to be performed and the adaptation to power grasps if nec-
essary. This is illustrated in Fig. 8. In configurations (a),
from dashed lines to full lines, a parallel motion of the dis-
tal phalanx is accomplished, by maintaining the parallelo-
gram mechanism on its mechanical limits. In (b), a power
grasp is performed, with contacts on all phalanges. In this
case, the parallelogram mechanism is moved away from its
mechanical limits and the distal phalanx is no longer main-
tained parallel.

@)

(b)

Fig.8 The parallel precision grasp mechanism (dark lines). (a) parallel
precision grasps. (b) power grasp.

4.3 Finger implementation

Three underactuated fingers identical to the finger de-
scribed above are used in the design of selfadaptive robotic
hands. The use of three fingers seems a good compro-
mise for grasping since it is the minimum number of fin-
gers required to accomplish stable grasps. Each of the three
identical fingers is mounted on an additional revolute joint
whose axis is located on the vertex of an equilateral triangle
and oriented normal to the plane of the triangle. With these
additional revolute joints, the hands can be reconfigured by
modifying the orientation of the fingers in order to adapt
to the general geometry of the object to be grasped. Note
that this feature is widely used in the literature [9] [11] [21]
in several different implementations. The main grasping
configurations of the fingers are: cylindrical, spherical and
planar. In the cylindrical configuration, two fingers point in
the same direction while the third one points in the opposite
direction and moves between the other two. In the spheri-
cal configuration, the three fingers are oriented towards the
center of the triangle. In the planar configuration, two fin-
gers are directly facing each other and the third finger is not
used. The implementation of these configurations will be
illustrated for each version of the hand.

The distance between the base of each of the fingers, or
the size of the palm, raises issues which are similar to
the ones considered when choosing the length ratios of the
phalanges. A large palm allows the grasping of relatively
large objects while a small palm allows the grasping of rel-
atively small objects. Knowing the size of the objects to be
grasped, the size of the palm can be determined by simula-
tion. Also, the minimum and maximum size of the objects
that can be grasped can be computed from geometric rela-
tionships.

5. Twelve DOF and six-degree-of-actuation
(DOA) robotic grasping hand

This first hand has been built as a testbed in order to exper-
iment the underactuated fingers and study grasping strate-
gies. The surface of the fingers is flat since this is simple to
machine and seems to be well suited to grasping. The tip
of the fingers is not rounded — as it is often seen in other
hands — in order to allow the grasping of small objects on
a flat surface. The fingers have a total length of 16.5 cm
from the first joint to the tip, and a width of 4 cm. The
length of the phalanges are respectively, from base to tip: 7
cm, 5 cm and 4.5 cm. The distance from the centre to the
vertices of the equilateral triangle is 6 cm. Each of the three
fingers is mounted on an actuation module, as illustrated in
Fig. 9. These modules are mounted on a mainframe and
can be independently rotated. Each module comprises a
main motor that drives the opening and closing of a finger.
The transmission of the motor to the finger is composed of
a ballscrew in order to obtain large forces, and a timing belt
in order to obtain compact modules and allow the modifica-
tion of the transmission ratio. Note that since a ballscrew is
used, the fingers are backdrivable. Each module also com-
prises a small gearmotor to drive the orientation the finger.
The transmission is performed via a gear attached to the
motor and a gear attached to the mainframe. The three fin-
gers can be rotated by 60 degrees, as illustrated in Fig. 10.
Many configurations can be obtained, including the three
main configurations previously introduced. Note that one
of the fingers can be considered as a thumb as it is involved
in all grasps.

Since each finger is driven by two motors, one for the
grasping and one for the orientation, the hand has a total
of six motors. Each finger has three grasping dofs and one
orientation dof for a total of 12 dofs for the hand. The total
mass of the hand is approximately 9 kg. The parts are made
of aluminum, the shafts and screws are made of steel and
the bushings are made of reinforced nylon. A CAD model
and a picture of the complete hand is presented in Fig. 11.

6. Ten DOF and two DOA robotic grasping hand

In order to further reduce the number of actuators and
hence further reduce the complexity of the controller, un-
deractuation is now introduced not only into the fingers but
also among them. Also, by keeping only the most useful
finger orientations with respect to the base (Fig. 10), it is
possible to couple the orientation of the fingers.

In addition to using the underactuated fingers, introducing
underactuation among the fingers and coupling the orien-
tation of the fingers leads to a robotic hand with ten dofs



PREPRINT - Underactuation in robotic grasping hands - PREPRINT 7

Fig.9 A finger and actuation module.

Spherical

Cylindrical

Planar

Fig.10 Main configurations of fingers.

and two doas, illustrated in Fig. 12. One actuator is used to
drive the underactuation system which controls the open-
ing/closing of all three fingers via a transmission screw.
The second actuator is used to drive the orientation of the
fingers. To the best of the knowledge of the authors, this
hand includes the combination of the underactuation of the
phalanges of a finger and the fingers of a hand for the first
time.

The prototype of this version of the hand has been designed
to be mounted on the CART system at the Canadian Space
Agency [22]. Therefore, it is scaled by a factor of 0.7 com-
pared to the first version and its weight is 3.2 kg. The actu-
ators are not included in finger modules but directly in the
main frame.

6.1 Underactuation among the fingers

The application of the principle of underactuation among

fingers has been demonstrated in the literature for the actu-
ation of a few coupled-motion fingers [23] [21], each mech-
anism adding one degree of underactuation.

In the present hand, a one-input/three-output differential is

used, adding two degrees of underactuation. Therefore, if

some fingers are blocked, the remaining fingers will con-
tinue to close until they properly grasp the object. The

force is fully applied only when all the fingers have prop-
erly made contact with the object or the palm. The overall

system is illustrated in Fig. 13.

6.2 Reconfiguration

The main configurations of the fingers are obtained by ori-
enting two of the fingers with a range of 90 degrees, as

Fig.11 CAD model and picture of the 12-dof 6-doa mechanical hand.

illustrated in Fig. 14. The rotation of the two fingers is
coupled by a geared mechanism, shown in Fig. 15. In the

planar configuration, where the third finger is not used, its
closing is blocked at an output of the differential by a stop-

per activated by the orientation mechanism.

7. Control
7.1 General

Since there are fewer actuators than in a fully actuated
hand, the control is simpler. Indeed, since properly de-
signed underactuated mechanisms perform shape adapta-
tion “automatically”, no motor coordination is needed.
Before performing a grasp, the geometry of the object
should be determined and the hand should adjust itself to
this geometry by orienting the fingers. To orient the fin-
gers, a simple trajectory is generated to a prescribed po-
sition and the gearmotor follows this trajectory with a PD
position control.

When the grasp is to be performed, a closing trajectory is
generated up to a full closing position. The closing tra-
jectory is followed using a PD position control loop. The
position of the motors is obtained from optical encoders.
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Fig.12 CAD model and picture of the 10-dof 2-doa mechanical hand.

Differential

Fig.13 One-input/three-output differential and transmission screws.
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Fig.14 Main configurations of fingers.

Fig.15 The orientation mechanism. The two sections of gear are at-
tached to the two orientable fingers. When appropriate, the teeth
of the stopper will engage with one of the outputs of the differ-
ential.

In order to set the grasping force on the object, a maximum

motor torque is set to a desired value. The relationship be-

tween the force on the object and the torque of the motor is

obtained using the static model or by calibration. To set the

maximum torque of the motor, it is assumed that the volt-

age is proportional to the current in the motor — which is

true when the motor is stalled, which is generally the case

when a grasp is performed — and that the current at the

motor is proportional to the torque at the motor. When the

grasp is performed, since the PD position control tries to

reach full closing position, the force on the fingers corre-
sponds to the maximum voltage set. The forces at the pha-

langes are not known accurately since no exact informa-

tion on the configuration of the finger is used. The grasp-
ing force is therefore a coarse approximation, i.e., it can

be considered light (30% of the maximum force), average

(50%), large (70%) or very large (90%). This approxima-

tion is sufficient in most cases. Overall, the control strategy
uses a closed-loop position control and an open-loop force

control, which is very simple. With this control scheme,

the grasping force is set and the resulting forces on the ob-

ject is zero. If external forces are applied on the object they

must be compensated. This compensation is implemented

differently depending on the version of the hand and will

be explained for each case.

If the hand loses the object, the fingers will suddenly close
with a very large velocity since the fingers are very far from
their prescribed position. This has two consequences: first,
the loss of the object is immediately perceived and second,
the high speed of the finger could damage the hand or the
object. Therefore, the velocity of the finger should be lim-
ited to a given maximum speed. To do so, the voltage at the
actuator is set to zero when the velocity exceeds the given
limit. This will not stop the finger but will ensure that the
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speed limit is not exceeded.

7.2 6-DOA hand

Since the hand is not fully underactuated, an interface has
been developed to integrate the commands of each of the
fingers. Each of the fingers can be controlled separately in
position, velocity and force, but it is also possible to use the
simple commands such as “close” and “open” for the whole
hand. For the orientation, it is possible to prescribe a gen-
eral orientation to each of the fingers independently, but it
is also possible to prescribe directly the type of geometry
of the grasp (spherical, cylindrical, planar) and the orienta-
tion of each of the fingers is automatically generated. The
appropriate finger positions and relative forces will be set
automatically depending on the orientation of the fingers.
As an example for position control, for a planar grasp, the
finger not involved in the grasp will not move. As an ex-
ample for force control, the finger opposing the other two
in the cylindrical grasp must be set to twice the force of the
others. Therefore, when the “close” command is given, the
hand behaves properly.

As noted previously, if external forces are applied on the
grasped object, they must be compensated. The basic prin-
ciple is to provide additional force to the fingers that are
being pushed against by the external force and leave the
force on the other fingers unchanged. To do so, an addi-
tional PD position control loop reacts only when a finger
moves backwards from the initial grasping position. This
PD control can be adjusted to yield a more or less stiff re-
action to the external perturbations on the object.

In order to eventually develop and study fine force con-
trol, other sensors have been added. Two potentiometers
are mounted in each of the fingers in order to measure the
position of the second and third degrees of freedom of the
fingers, giving the configuration of the fingers. Also, tac-
tile sensors placed along the fingers, give the position of the
contact points and provide some information on the force
at these contacts.

7.3 2-DOA hand

Since there are only two motors, the control of the hand
is simple and rather limited. No grasping coordination
is needed by the control algorithm since the grasping of
the fingers is mechanically coordinated by the differen-
tial, which tends to keep the forces on the fingers equal.
If a grasp requires more force at one of the fingers, as in
the cylindrical grasp, the finger will naturally compensate
when pushed backwards because of the self-locking fea-
ture. The planar grasp is the only one that requires differ-
ent finger positions and it is managed mechanically by the
stopper previously described. No reconfiguration coordina-
tion is needed since the orientation of the fingers is coupled
mechanically.

As noted previously, if external forces are applied on the
grasped object, they must be compensated. Because of the
transmission screws, the fingers are self-locking and they
will naturally compensate external forces. Therefore, the
simple initial control scheme can be used. In fact, since
there is only one motor for the three fingers, the force at
each finger cannot be controlled independently. Therefore,

the control algorithm modified for the 6 doa hand could not
be used and self-locking is essential.

8. Experimentation
8.1 6-DOA hand

The hand has been tested on a GMF-S300 manipulator as
illustrated in Fig. 16. The objective of the experimentation
was to confirm the variety of shapes and sizes of objects
which can be successfully grasped, the weight of the ob-
jects which can be grasped and the ability of the hand to
grasp an object lying on a flat surface. Also, the character-
ization of the hand and the experimental validation of the
control scheme was an important issue.

Fig.16 The 6-doa hand mounted on the GMF-S300.

In order to test the adaptability of the hand, a wide range
of objects have been grasped. The objects are first placed
manually in the hand to show the ability to grasp virtu-
ally any object in many orientations. Then, the objects are
grasped from a flat surface. Most of the objects have been
successfully grasped, but with a limited number of types
of grasp, e.g. pinch instead of power. The parallel pinch
grasp has shown to be very useful in this situation. The
smallest sphere grasped is a marble (1 cm diameter) and
the largest is a volleyball (21 cm diameter). The smallest
object grasped using a power grasp is a cylinder (2,5 cm
diameter). Other objects grasped include a box, a chair,
a disk, a tube, a boot, a baseball glove, a wooden bar, a
screwdriver, a hammer, a barbell, a tennis ball, and a sheet
of paper. In general, underactuated fingers performed sur-
prisingly well. Examples of grasps are shown in Fig. 17.
To test the power of the hand, heavier objects have been
grasped and lifted. The ultimate test was to lift a person.
The hand first grasps a steel bar and then a person was sus-
pended from the steel bar. The combined weight was 155
Ib (70 kg). Note that this mass is more than 7 times the
mass of the hand itself. The mechanical structure of the
hand has been designed to securely lift 200 Ib (90 kg) in
any orientation.

A special task was to use a first object (a tool) to lift a
second object. An example was to grasp the hammer and to
lift the chair with the hook of the hammer. Another special
task was to grasp an electric screwdriver with two fingers
and to use the third finger to push the button and activate the
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C e
Fig.17 Examples of grasps: a) person b) golf ball c) volleyball d) bottle
e) chair.

screwdriver. This worked in two different configurations:
in a power grasp and in a pinch grasp. The power grasp is
more stable but the pinch grasp is more flexible, the axis of
the screwdriver being normal to the palm.

The width of the fingers and the size of the hand may some-
times be cumbersome in constrained situations. For ex-
ample, the handle of a suitcase is usually too small to be
grasped with a power grasp and a different grasp must be
used.

Experiments performed without the use of the tactile sen-
sors tend to show that these sensors are not required in
many grasping tasks. However, the hand could not grasp
very fragile objects, such as an egg, and the information on
the grasp is limited.

8.2 2-DOA hand

Some grasps, performed with a plastic version of the 2-
DOA hand, are illustrated in Fig. 18. The possible grasps
are essentially the same as with the 6-doa hand. The only
task not possible was the grasp and activation of a screw-
driver.

9. Conclusion

In this paper, different prototypes of underactuated me-
chanichal hands have been presented. It is shown that
underactuated hands can effectively perform a variety of
grasps with very simple control algorithms. The version
with 6 doas requires some simple motor coordination while
the version with 2 doas requires only minimum control al-
gorithms — similarly to simple grippers — and has grasp-
ing capabilities comparable to the version with 6 doas. Fu-
ture work includes the study of more refined control using

Fig.18 Examples of grasps with SARAH P1: (a) Cylindrical power
grasp. (b) Cylindrical precision grasp. (c) Spherical precision
grasp. (d) Planar precision grasp, note that one of the fingers is
blocked open to allow an effective grasp.

additional sensors, such as tactile sensors and the investi-
gation of other implementations of underactuation.
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