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Abstract

This paper presents the development of a selfadap-
tive and reconfigurable robotic hand for space appli-
cations which is versatile, robust and easy to con-
trol. This hand has three fingers and each of the
fingers has three phalanges. It will be shown that
the selfadaptability of the hand is obtained using
underactuation within and among the fingers of the
robotic hand. Indeed, underactuation between the
phalanges of a finger is realized using linkages and
springs while the underactuation among the fingers
is implemented by a special one-input/three-output
differential. An additional degree of freedom (dof) is
used to rotate two of the fingers in order to recon-
figure the hand and fit the general geometry of the
object to be grasped. Overall, the hand has ten dofs,
actuated by two motors, i.e., one for opening/closing
of the fingers and one for orienting the fingers. In a
specific application, the robotic hand is a passive tool
and the actuation is provided by the socket torque
of an ORU Tool Change Out Mechanism (OTCM).

1 Introduction

Complex tasks involving the grasping of various ob-
jects in an unstructured environment are still being
performed by human operators, even in hostile envi-
ronments. One of the main obstacles to the teleoper-
ation or automation of these tasks has been the lack
of versatile grasping tools, i.e., of robotic hands. In
space applications and in many other applications,
the manipulation of objects with very complex me-
chanical hands [1] [2] or human hands is often not
essential and grasping devices are sufficient. How-
ever, simple grippers [3] 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,
including the use of robotic devices in space. These
hands are obtained with the help of underactuation.

2 Selfadaptation from under-
actuation

An underactuated mechanism is one which has fewer
actuators than degrees of freedom (dofs). When ap-
plied to mechanical fingers, the concept of underac-
tuation leads to selfadaptability. Selfadaptive fingers
will envelope the objects to be grasped and automati-
cally adapt to their shape with only one actuator and
without complex control strategies. In order to ob-
tain a statically determined system, elastic elements
and mechanical limits must be introduced in under-
actuated mechanisms. While a finger is closing on
an object, the 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 Figure 1 in order to clearly illus-
trate the concept of underactuation. The finger is
actuated through the lower link, as shown by the ar-
row in the figure. Since there are two dofs and one
actuator, one (two minus one) elastic element 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 pha-
langes 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 con-
tinuous motion of the actuator. In a), the finger is
in its initial configuration and no external forces are
present. The finger behaves as a single rigid body in
rotation about a fixed pivot. In b), the proximal pha-
lanx makes contact with the object. In ¢), the second
phalanx is moving with respect to the first one 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 which
is required to extend the spring. Finally, in d), both
phalanges are in contact with the object and the fin-
ger has completed the shape adaptation phase. The
forces applied at the actuator are distributed among
the phalanges.

Figure 1: Closing sequence of an underactuated two-
dof finger.

A few underactuated fingers have been proposed in
the literature. Some of them are based on linkages
while others are based on tendon-actuated mecha-
nisms. Examples of underactuated hands based on
tendons are given in [4], [5] and [6]. Tendon sys-
tems are generally limited to rather small grasping
forces and they lead to friction and elasticity. 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 mechanisms. One of the only studies on the
statics of underactuated grippers is presented in [7].
In the latter reference, the static analysis of a sys-
tem composed of two fingers, each having two dofs,
is performed and some results are given to present
the advantages of underactuated fingers over a sim-
ple parallel gripper. In [8], an underactuated hand
with three fingers is presented. Each of the fingers is
based on a two-dof mechanism having two phalanges
and one actuator. Additionally, a special mechanism
is introduced in order to allow the distal phalanges
to be maintained orthogonal to the palm when preci-
sion grasps are performed. In [9], a mechanical hand
resembling the human hand is presented. 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 pha-
lanx. Another type of underactuation can also be
found in the literature [10] [11]. 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 de-
scribed above in behaviour and implementation. Fi-
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nally, it should be clearly understood that robotic or
prosthetic hands in which the motion of the fingers
is mechanically coupled [12] are not underactuated.
Indeed, they are designed to mimic the motion of hu-
man fingers but the relative motion of the phalanges
is determined at the design stage and therefore no
shape adaptation is possible.

3 Three-dof underactuated fin-
ger

As presented in the literature review, the existing
underactuated fingers based on linkages have two
phalanges or three coupled phalanges with two dofs.
However, it is desirable to design an underactuated
finger with three phalanges and three dofs since it
leads to more stable grasps and more efficient shape
adaptation. The result is a behaviour similar to that
of human fingers. This finger mechanism has been
introduced in [13] and is illustrated in Figure 2. In
order to obtain a three-dof finger with three pha-
langes, a four-bar mechanism is added to the five-
bar mechanism of a two-dof finger. It is important

Figure 2: Three-dof shape adaptation mechanism in
an average configuration.

to notice that the behaviour of the finger is deter-
mined by its geometry, dimensioned at the design
stage, since the different dofs cannot be controlled
independently. Hence, the choice of the design pa-
rameters is a crucial issue in order to obtain stable
grasps and a proper distribution of the forces among
the fingers.

The different parameters involved in the design, il-
lustrated in Figure 2, are now discussed. The length
of the phalanges, i.e., [, k, j are fixed from compar-



ison with other existing fingers and experimentation
with a finger model on objects to be grasped. The
remaining design variables are a;, b;, ¢; and ;. In or-
der to introduce design constraints and to reduce the
number of independant variables, some relationships
between these parameters are imposed, reducing the
number of variables to two. In [14], it has been shown
that the behaviour of the fingers is mainly dictated
by the ratios R; = a;/c;. In order to minimize the
‘thickness’ of the finger, the length ¢; should be as
small as possible but is limited by mechanical inter-
ference considerations. Therefore, ¢; is fixed, and
then a; is fixed for a given ratio. The performance
of the finger regarding the stability of behaviour, the
mechanical interferences and the internal forces is
correct if the transmission angle is close to 90 de-
grees when the finger is in an average configuration,
as illustrated in Figure 2. The parameters b; and
1; can be computed from this criterion. First, the
average configuration of the finger is defined as the
configuration in which angles a; and ay are given by

Q5 min + QG mazx

5 . i=1,2

o = (1)
where o min is the minimum value of angle «; and
O mag 1S its maximum value. Then, the average an-
gles 81 and 2, as defined in Figure 2, are given by

(31 = arcsin (al ; cl) , 3> = arcsin (a2 ; 02) (2)
which leads to values of b; given by
b1 = lcos 3y, by = kcos By (3)
and to the values of v¥; given by
Y1 =m—ai+ f2— b, ¢2:3§—a2—ﬂ2 (4)

Using the above equations as design constraints, the
parameters can be computed as functions of the ra-
tios R1 and Rs.

A study is performed on fingers with different com-
binations of ratios R;, giving an overview of possible
fingers. To perform the study, a series of grasps are
performed on circular objects of different sizes and
at different positions, in order to simulate different
sizes and shapes of objects, using a simulation tool
presented in [14]. The main criteria used to estimate
the performance of the fingers are:

a) The sum of the forces applied by each finger
on the object must be directed towards the palm
(F,) and the opposite finger (F) in order to obtain
a stable grasp. Also, the forces F, should be larger
than the forces F), in order to obtain balanced grasps,
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since the forces F, work in cooperation (towards the
palm) and the forces F, work in opposition (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
associated with the resulting forces is given by the
sum of the smallest force for each of the m objects
grasped.

Z?il Inin(Fg“-, EFyyl)
m

Iy = (5)

b) The forces should be well distributed among
the phalanges 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.

bD

=1 max(Fy ;,Fk, i, Fji)

- (6)

¢) An equilibrium point should exist on the last
phalanx in all configurations in order to ensure fea-
sible grasps. The equilibrium point is defined as the
point of contact on a phalanz which leads to static
equilibrium, for a given configuration, when no con-
tact occurs at the preceding phalanz (see [14] for de-
tails). If the equilibrium point is not located on the
last physical phalanx, then the grasp is not possi-
ble and the object will be ejected. If the equilib-
rium point is on the last physical phalanx, the index
I.p, = 1; if it is not, the index I., = 0.

d) The finger mechanism should be as compact
as possible. 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 = I7, IijIcpl. for each of
the fingers. The index I, is squared since it is a more
important criterion. A graph of Ig as a function of
R, and R, is presented in Figure 3. An effective
finger can then be chosen among the best values of
I¢. For example, Ry = 2 and Ry = 2.5.

Ij;
7 m

3.1 Parallel precision grasp mecha-
nism

Underactuated fingers cannot perform precision
grasps while maintaining the distal phalanges paral-
lel to each other, for objects of different sizes. How-
ever, this feature allows more stable grasps when only
the tips of the fingers are used and is very often fea-
sible with simple grippers. A mechanism has been
proposed in order to achieve this behaviour for a two-
dof underactuated finger [8]. A mechanism achiev-
ing a similar behaviour with the third phalanx of a



Figure 3: Global performance index.

three-dof underactuated finger has been developed
here [13] and is shown in Figure 4. It is composed of
two parallelograms mounted in series. This mecha-
nism is coupled to the phalanges of the finger but not
to the other links of the shape adaptation mechanism
(it is moving on a parallel 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 necessary. This
is illustrated in Figure 4. In configurations (a), from
dashed lines to full lines, a parallel motion of the
distal phalanx is accomplished, by maintaining the
parallelogram mechanism on its mechanical limits.
In (b), a power grasp is performed, with contacts on
all phalanges. In this case, the parallelogram mech-
anism is moved away from its mechanical limits and
the distal phalanx is no longer maintained parallel.

(b)

Figure 4: The parallel precision grasp mechanism
(dark lines). (a) parallel precision grasps. (b) power

grasp.
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4 Underactuation among fin-
gers

In addition to underactuation in fingers, it is possible
to include underactuation among fingers. The prin-
ciple of underactuation among fingers has been used
in the literature for the actuation of a few coupled-
motion fingers [15] [16], each mechanism 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 properly made contact with the object. The
system is illustrated in figure 5. The differential is

Figure 5: One-input/three-output differential and
transmission screws.

composed of two planetary gear trains. The first
planetary gear train has the carrier as input and the
sun gear and internal gear as outputs. The second
planetary gear train has the internal gear of the first
planetary gear train as input and the sun gear and
internal gear as outputs. Therefore, the three gen-
eral outputs are the sun gear of the first planetary
gear train, the sun gear of the second planetary gear
train and the internal gear of the second planetary
gear train. In order to obtain proper distribution of
the power, the three outputs should have the same or
close to the same output torque. This torque distri-



bution is obtained by a proper selection of the gear
ratios. The three outputs of the differential are cou-
pled to transmission screws through gears. These
screws transform the rotational movement in trans-
lational movement and allow selflocking of each of
the fingers for proper stability. The force is trans-
mitted to the fingers through an actuation bar. To
synchronize the closing of the fingers, the fingers are
opened until they all reach their maximum opening
limit. When no external force is exerted on the fin-
gers, the outputs of the differential stay synchronized
with the help of internal friction.

5 Reconfiguration

In order to adapt to the general geometry of the ob-
ject to be grasped, the hand can be reconfigured by
modifying the orientation of the fingers. Note that
this feature is widely used in the literature, in several
different versions. In the proposed hand, two of the
fingers can be oriented. The orientation of the two
fingers is coupled by a geared mechanism, shown in
figure 6. The fingers are placed on the vertices of
an equilateral triangle. The required grasping orien-
tations of the fingers can be reduced to three main
grasping configurations : cylindrical, spherical and
planar, as illustrated in figure 7. 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 spherical
configuration, the three fingers are oriented towards
the center of the triangle. In the planar configura-
tion, two fingers are directly facing each other and
the third finger is not used. In the planar configura-
tion, where the third finger is not used, its closing is
blocked at an output of the differential by a stopper
activated by the orientation mechanism.

6 Robotic grasping hand

The combination of the preceding features leads to
a robotic hand with ten dofs and two degrees of
actuation, illustrated in figure 8. One actuator is
used to drive the differential which drives the open-
ing/closing of each of the three fingers via a trans-
mission screw. The second actuator is used to drive
the orientation of the fingers. To the knowledge of
the authors, the hand includes the combination of
the underactuation of the phalanges of a finger and
the fingers of a hand for the first time.

Figure 6: The orientation mechanism. The two sec-
tions of gear are attached to the two orientable fin-
gers. When appropriate, the teeth of the stopper will
engage with one of the outputs of the differential.

—e

Cylindrica Spherica Planar

Figure 7: Main configurations of fingers.

Figure 8: CAD model of the hand with motors.



7 ISS implementation

In a ISS (International Space Station) specific imple-
mentation, the hand, called SARAH (Self-Adapting
Robotic Auxilary Hand) is driven and handled by
an OTCM (ORU Tool Change Out Mechanism), the
end effector placed at the end of the SPDM (Spe-
cial Purpose Dextrous Manipulator) arms. There-
fore, SARAH is considered as a tool. In this case,
the power is provided by the socket torque and ad-
vance of the OTCM. The socket advance has only
limited power and control possibilities, therefore the
two tasks (open/close and orientation) must be actu-
ated by the powerful and controlable socket torque.

7.1 Indexing mechanism

The switching of the power of the socket torque be-
tween the two tasks is performed by the socket ad-
vance with the help of an indexing mechanism, illus-
trated in figure 9. The power of the socket torque is
transmitted to the sockets of the differential or ori-
entation mechanism through the main shaft. It is
free to rotate and translate in the hole of the bottom
plate, and includes nuts at its ends. An indexing
ring is free to rotate but fixed in translation on the
main shaft. Indexing pins are attached to the mi-
cro interface and are inserted in the grooves of the
indexing ring in order to guide the motion of the in-
dexing ring. A compression spring is inserted on the
main shaft, between the bottom plate and a shoulder
on the main shaft, in order to keep the main shaft
backwards. In this position, no mechanism sockets
are engaged. When the OTCM socket pushes on the
main shaft, it advances against the spring. This ad-
vance is stopped by the indexing pins up to a position
that engages the main shaft on one of the two mech-
anism sockets, depending on the length of the groove
engaged. Then, if the socket torque is activated, the
corresponding mechanism is activated. Each time
the socket of the OTCM is releasead and advanced,
the power is switched between the two mechanism
sockets.

7.2 Orientation

In order to obtain predefined self-locked configura-
tions, the orientation of the fingers is driven via a
Geneva mechanism. The input is provided via a
socket on the Geneva driver. When the Geneva
mechanism is in the moving phase, the pin of the
Geneva driver is in one of the slots of the Geneva
wheel. During this phase, the Geneva driver moves
the Geneva wheel by 90 degrees. When the Geneva
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Figure 9: The indexing mechanism.

mechanism is in the dwell phase, the Geneva wheel
is locked by the locking disk of the Geneva driver.
Also, the Geneva driver is free to rotate, allowing
play for easy insertion of the nut of the main shaft in
the socket if they are not properly aligned. During
this phase, the fingers are locked in their orientation
even if they are not driven. To restrain the orienta-
tion of the fingers in the appropriate range, one of
the four slots of the Geneva wheel is filled to stop
the rotation of the Geneva mechanism.

8 Prototypes and experimen-
tation

A plastic (P1) and a metal (M1) prototypes of
SARAH have been built. The fingers are 5.5 inches
long and placed on a circle of 3.75 inches diameter.
SARAH P1 has been tested manually with a mo-
torized screwdriver. Some grasps are illustrated in
Figure 10. SARAH M]1, illustrated in Figure 11,
has been tested with the help of an apparatus de-
veloped to emulate the OTCM, named Laval OTCM
(LOTCM). In order to measure the forces that are
applied, a force/torque sensor is used. It is placed
between half cylinders to emulate a cylindrical ob-
ject of 3.5 inches of diameter.

The main results of the validation and character-
ization of SARAH M1 are summarized here. The
grasping characteristics of SARAH M1 have been
measured in four different configurations covering
three different grasps, i.e., cylindrical power grasp
(opposing fingers and palm-finger opposition), cylin-



drical precision grasp and planar precision grasp.
The grasping force vs input torque relationship of
SARAH M1 has been obtained experimentally for
the previous grasps and is presented in Figure 12.
The curves result from the application of linear re-
gression on the measured data. The tests show that
SARAH M1 is able to grasp more than 50 lbs in a
cylindrical power grasp of a 3.5 inches cylinder. The
force could be larger with a smaller cylinder. Also,
the tests show that SARAH M1 is able to grasp more
than 25 Ibs in a cylindrical precision grasp and more
than 15 Ibs in a planar precision grasp. This is for
a socket torque of 60 lb-in. The above results show
the grasping force that can be applied on an object.
However, since the fingers of SARAH are self-locking,
the external forces that can be resisted by SARAH
are higher than the motorized grasping forces. In-
deed, external forces of more than 60 Ibs were applied
and SARAH M1 resisted properly.

(d)
Figure 10: Examples of grasps with SARAH P1: (a)

Cylindrical power grasp. (b) Cylindrical precision
grasp. (c) Spherical precision grasp. (d) Planar pre-
cision grasp, note that one of the fingers is blocked
open to allow an effective grasp.
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Figure 11: The SARAH prototype M1.

Overview of the grasp types for combined load types
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Figure 12: The grasping force vs input torque rela-
tionship of SARAH MI.



9 Conclusion

In this paper, it has been shown that the combina-
tion of underactuation into and among fingers can
be used to design a ten-dof hand driven by only
two motors. This selfadaptive and reconfigurable
hand is covered by a pending patent. The robotic
hand developed in this project is especially useful
where various sizes and shapes of objects are to be
grasped, and where simplicity of use and control
is important. In this sense, SARAH is especially
well suited for the context of the ISS. Addition-
ally, its interface is already compatible with the
OTCM of the SPDM arms. Although it has great
grasping flexibility, SARAH is not able to perform
manipulation. Therefore, SARAH is intended
to help the astronauts and not to replace them.
Experimentation has demonstrated the capability
of a prototype to grasp various shapes and sizes
of objects with sufficient force and appropriate
stability. Current work includes the development of
other versions of the hand for industrial use or other
space applications, as well as the development and
control of a hand equiped with tactile sensors.
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