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Mechanical design of a new pneumatically driven underactuated
hand

V. Bégoc, S. Krut, E. Dombre, C. Durand and F. Pierrot

Abstract—This paper presents a new pneumatically driven
underactuated hand with two fingers and 3 phalanxes per
finger. Two evidences have led the design of this hand. Firstly,
the use of pneumatic energy facilitates the underactuation of
the hand, indeed a single T-connector suffices to share out one
input among two outputs. Secondly, non-backdrivable
mechanisms have to be used in the transmission of phalanx’s
motion so that the hand is capable of producing form-closed
grasps. This latter design principle is justified using a newly
developed method that permits to study the form-closure
property of a grasp exerted by an underactuated hand.
Moreover, the intriguing ejection phenomenon is avoided
thanks to non-backdrivable mechanisms that prohibit any
backward motion of phalanxes when correctly positioned. An
original mechanism called the “pneumatic parallelogram” is
described, it enables the hand to perform fine pinch grasps.
Finally, the optimal design of both fingers is addressed with
respect to the force-isotropy of the finger and the positiveness
of phalanx forces.

1. INTRODUCTION

OBOTIC hands can be classified in two major fields

depending on whether their application requires
manipulation or grasping capabilities. The first field has led
to dexterous hands with several actuators and sensors.
Pioneer designs include the Utah/MIT hand [1], the
Stanford/JPL hand [2], the Belgrade/USC hand [3], the DLR
hands [4]. In the meantime, significant progress have been
made in the design of hands with simple mechanical and
control architectures, while keeping versatile grasping
capabilities. This could be accomplished using
underactuation as a strategy to reduce the number of
actuators while preserving the capability of the hand to
adapt its shape to the grasped object. Good examples of such
an approach are the Barrett Hand [5], the RTR II Hand [6],
the SARAH and MARS Hands [7].

The hand we developed at the LIRMM is made up of two
fingers and three phalanxes per finger (Fig. 1). Like the
latter examples, underactuation has been used to ensure the
shape adaptation of the hand to the grasped object. Indeed, a
single controlled source of pressured air is distributed
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among fingers and phalanxes, thus performing the closing
process of the whole hand. In section II, this new kind of
underactuation is compared with others existing using the
classification proposed in [8]. As already seen on the Barrett
Hand and the Sarah Hand, non-backdrivable mechanisms
have been introduced in the transmission of motion of
phalanxes. In our case, this is justified in section III, using a
newly developed method [9] that proved the relevance of
non-backdrivability in the capability of an underactuated
hand to produce form-closed grasps. It is briefly recalled
that form-closure is related to the capability of a grasp to
immobilize an object. In section IV, more details are given
on the pneumatic control of the hand and particularly on the
so-called “pneumatic parallelogram”. This original
pneumatic mechanism forces the distal phalanxes to remain
perpendicular to the palm of the hand, permitting the hand to
produce fine pinch grasps. Finally, the optimal kinematic
design of fingers is addressed with respect to the
positiveness of phalanx forces and the force-isotropy of the
finger.

Fig. 1: Picture of the pneumatically driven underactuated hand.

II. UNDERACTUATION

A hand is said to be underactuated when it has fewer
actuators than configuration variables [10], i.e. independent
parameters able to characterize all feasible motions of the
mechanism.

According to this definition, the proposed hand in this
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paper named TWIX is highly underactuated, since it has six
configuration variables, one per phalanx and a single
actuator. Indeed, each phalanx is moved by an air cylinder
and all cylinders are connected to the same source of
pressured air.

The author in [8] proposes to classify underactuation
mechanisms into three different categories:

» Differential mechanisms: they can rely on classical
technologies with pinions or be made of specific
arrangements of linkages [7] or pulleys and cables [11].

» Compliant mechanisms: non-rigid bodies are used, such as
in the “adaptive grasp mechanism” proposed in [6].

* Triggered mechanisms: once the torque exceeds a certain
value, the joint locks. On the Barrett Hand, the transmission
disengages and an irreversible mechanism prohibits
backdrivability of the joint [5].

In accordance with this categorization, the TWIX Hand
involves two strategies to achieve underactuation. Indeed,
the multiple outputs pneumatic distributor (Fig. 2) is a
differential mechanism since the following characteristic
relation can be written:

E_E_._E 0
Sa Sl Sn |

where F, and F, are resp. the input force and the i" output
force. S, and S, are the section areas of resp. the input pipe

and the /™ output pipe. Secondly, as described later in this
paper, the closing sequence of the hand is composed of two
different phases. During the first phase, distal phalanxes
remain perpendicular to the palm so that the hand is capable
of producing fine pinch grasps. Once the fingers encounter
an object, the pressured air is distributed among all cylinders
and each phalanx is then powered. This results in whether an
enveloping grasp or a fine pinch grasp, depending on the
position, shape and size of the object. Thus, the TWIX hand
could be labeled a triggered differential mechanism.

//
i
- R TR

Fig. 2: A multiple outputs pneumatic distributor.

III. FORM-CLOSURE CAPABILITY OF UNDERACTUATED
HANDS

The original definition of form-closure is based on the
assumption that phalanxes are fixed in space. Hence, it is not
adapted to study a grasp exerted by an underactuated hand,
since in this case, the position of each phalanx can not be
controlled independently. Thus, the condition of non-
interpenetration of phalanxes with the object is
reformulated. An extended definition of 1% order form-
closure is proposed that considers all kinematic constraints
of the system, namely contact constraints and constraints
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imposed by non-backdrivable mechanisms. This permits to
conclude on the minimum number of non-backdrivable
mechanisms required to perform 1% form-closed grasps [9].

A. Original definition of form-closure

A set of contact constraints is defined 1" order form-
closed iff, for all object motions wcR’, at least one
contact constraint is violated. [12]
where d is the dimension of the object’s configuration space,
generally 3 for planar motions and 6 for spatial motions. The
term “contact constraint” simply relates the fact that each
part of the gripper that is in contact with the object, can’t
penetrate it, when assuming that bodies are rigid.

As stated in [12], in many cases it is sufficient to study the
first-order approximation of contact inequalities that can be
written as following:

dy’=Pdu>0, 2)
where du is an infinitesimal displacement of the object and
dy’ is the vector that contains infinitesimal displacements

of contact points attached to the object along the normal of
the phalanx. P is the projection matrix

P=N'G", 3)
where G is the so-called grasp matrix
I, I, }
= , “4)
|:C (Xl ) C (Xc )

C(x,) is the cross product matrix for vector x, which

denotes the position of the i contact point in the hand

reference frame. N =diag(n,,---,n ), where n, is the unit

vector at the /™ contact point, normal to the phalanx and

pointing into the object, ¢ is the total number of contact
points.
It follows therefrom the next definition:

Assuming that phalanxes are fixed, a grasp is said to be 1%
order form-closed iff for any motion du of the object, at
least one contact constraint is violated

YdueR™, Elie{l,--~,c},such that dy; <0, ®)

B. Extension of form-closure for underactuated hands
In the previous original definition, phalanxes are supposed
to be fixed relatively to the hand’s base frame. This
hypothesis is false when considering an underactuated hand
since the position of each phalanx can not be controlled
independently. Based on this observation, the condition of
non-interpenetration of phalanxes with the object is
reformulated
dy’ —dy’ =SPdu-J,d0>0, (6)
where dy/ (resp. dv’) is an infinitesimal displacement of
the contact point attached to the /™ phalanx (resp. to the
object) along the normal n,. d@ is the vector of
infinitesimal variation of phalanx joint coordinates. J, is

the jacobian matrix of the hand and can be computed using
the general approach given in [13]. S is a diagonal matrix,
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with s, =1 if the /" phalanx is in contact with the object,
otherwise s, = 0. This selection matrix permits to consider

cases where not all the phalanxes are in contact with the
object.

A new definition is thus proposed that takes into account
not only the contact constraints but also the constraints that
are imposed by non-backdrivable mechanisms used in the
transmission of phalanx’s motion.

du eprd o .
v a0 eR7,3je{l,...,c+k},such thatdg, <0, (7)

where dq is the vector that contains all unilateral

constraints of the problem. This vector is built so that each
component dg, has to be positive or null otherwise it is

violated. & is the number of non-backdrivable mechanisms, ¢
the number of contact points and p the number of phalanxes.

_ [au] . SP -J,
dq=Q{d9} with Q{ 0 K } ®)

where K is the matrix that relates infinitesimal variations of
phalanx joint coordinates d@ to infinitesimal displacements
of non-backdrivable parameters dq .

When considering that the palm is contacting the object, a
new contact constraint is added to the vector dq

SP J,
~ du
dq = 0 K , ©
. 0 de
n, |:I3 C(Xp ):|
where n, is the unit vector normal to the palm and x,

denotes the position of the contact point in the hand
reference frame.

Since the mathematical formalism used in (7) is similar to
the one used in the original 1* order form-closure condition
(5), theoretical results that have been demonstrated for the
original form-closure can be extended to our case. Reuleaux
[14] and Somov [15] proved that at least d+1 contact
constraints are required for 1% order form-closure. In our
case, at least p+d +1 unilateral constraints are needed to

achieve 1* order form-closure

k>p+d+1, (10)

where k =c+k is the total number of unilateral constraints.
Finally, the minimal number of non-backdrivable
mechanisms needed for a hand to be capable of producing
1* order form-closed grasps is
k>2p+d+1-c, (11)

Considering a planar case (d =3), the TWIX hand has to
use at least four non-backdrivable mechanisms in order to be
form-closure capable, assuming that all six phalanxes are
contacting the object.

IV. DESIGN PRINCIPLES

In this section more details are given on the pneumatic
control and the mechanical design of the hand. Non-return
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valves are used according to (11) in order to make the hand
form-closure capable. Moreover, it suppresses the ejection
phenomenon, since any backward motion of phalanxes is
prohibited. An original mechanism called the pneumatic
parallelogram is then described. This mechanism constraints
the distal phalanxes to remain perpendicular to the palm
until the finger encounters an object. This allows the hand to
perform fine pinch grasps, namely when only the distal
phalanxes are contacting the object. Finally, kinematic
parameters of the hand are optimised with respect to two
criteria: the positiveness and the isotropy of phalanx forces.

A. Pneumatic control of the hand

The following pneumatic components have been used in
the design of the hand (Fig. 3):
Vi: Frictionless diaphragm air cylinders (MM-2 —
Controlair Inc.),

NRV;:  Air piloted, non-return valve (HGL - Festo),

MV manual monostable 5/3 valve (Camozzi),

LPV: low pressure piloted pneumatic valve,
monostable 5/2 (Bosch Rexroth),

PV pneumatic monostable 5/3 valve (Bosch
Rexroth),

PVNC;: pneumatic monostable 3/2 normally closed

valve (Bosch Rexroth).

The pneumatic control of the hand is voluntarily very
simple, such that the closing and opening process is
manually controlled with a single trigger. The closing
sequence of each finger is composed of two successive
phases. During phase 1, distal phalanxes remain
perpendicular to the palm of the hand, in order to allow the
hand to perform fine pinch grasps. Phase 2 follows phase 1
as soon as the finger encounters an object. Indeed, when the
pressure in cylinder V;; exceeds a given value, the pneumatic
valve LPV; commutes and all cylinders are then powered.
The resulting grasp is whether a fine pinch or an enveloping
grasp depending on the size, shape and position of the
object.

| Finger 1 |

Same pneumatic scheme as for finger 1

| Finger 2

Fig. 3: Pneumatic scheme of the hand.
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1) Phase 1: a pneumatic parallelogram for fine pinch

In the SARAH hand [7], distal phalanxes remain
perpendicular to the palm of the hand thanks to a double
parallelogram mechanism. This permits to produce fine
pinch grasps. In our case this is accomplished thanks to an
original pneumatic mechanism called the ‘“pneumatic
parallelogram” depicted on Fig. 4.

In order to simplify the notations, expressions are given
now for a unique finger.

Fig. 4: Closing sequence — phase 1: the pneumatic parallelogram. The
interdistal phalanx is not represented for the sake of clarity since

6, =0 during phase 1.

During Phase 1, only cylinder ¥, is powered. Cylinders
V, and V' are connected to the same isolated chamber.
Since they have the same piston diameters, this results in:

ds| =—ds, , (12)
where s, is the stroke of cylinder V. Cylinders have been
chosen with minimal friction so that minor error is
introduced in (12) due to the compressibility of air.

Fig. 5 describes the correct position of cylinders ¥, and
V' so that the relation (12) implies d6, =—-d#,, i.e. the
piston rod has to be perpendicular to axis A, in both

extreme positions of the angular range of the distal phalanx.

. o h :
0, is the angular position of the ;" phalanx. A, is the

position of the lever arm of the /™ phalanx when half of its
angular range has been covered. The following relation is
obtained assuming that s; > c; :

ds.

6, =da, =———,
CjCOSQj

(13)
where c; is the length of the lever arm and «; the angle
between the lever arm and the axis A, .

In a symmetrical manner, cylinder ¥, is positioned so
that o =-a, (see Fig. 4) and a/ =a,. Using (12), this
implies:

de, =-de,, (14)
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Fig. 5: Specific arrangement of cylinders.

Distal phalanxes are constrained to be perpendicular to
the palm of the hand in their initial position (when no
cylinder is powered) thanks to the use of springs and
mechanical limits, which finally gives:

(15)

491+63:%,

2) Non-backdrivability

As stated in the previous section, at least four non-
backdrivable mechanisms are needed for the TWIX hand to
be form-closure capable. We choose to mount a piloted non-
return valve on cylinders V;, V, and V, for both fingers.

Such valves, when not powered, let the air flow in a single
direction and when powered, in both directions. During
phase 2, no non-return valve is powered, thus preventing all
phalanxes from moving backward. During phase 1, only
NRV; is powered, so that the cylinders V3 and Vi- are
connected to each other. All non-return valves are powered
during the opening process of the hand to permit the release
of the grasp.

Another advantage of using non-backdrivable mechanisms
is that it suppresses the ejection phenomenon. In [16], the
author demonstrates that, in some configurations of the
finger, phalanx forces are negative. The finger is then not in
static equilibrium because of unilateral contacts. This results
in initiating an “ejection phenomenon”, which either stops
when a so-called “equilibrium position” is reached or carries
on until actual ejection occurs. Such a phenomenon is
characterized by a backward motion of one or more
phalanxes. In our case, the use of non-backdrivable
mechanisms permits to avoid this phenomenon, since it
prohibits all phalanxes from moving backward.

B. Optimal mechanical design of finger

The problematic of optimising the mechanical design of a
2-phalanx underactuated finger has been addressed in [17].
The author considers two issues, the isotropy of the grasp
and the ejection phenomenon. As previously stated, the
ejection phenomenon can not occur thanks to non-
backdrivable mechanisms. However, positive forces are
obviously preferred so that all phalanxes contribute to the
grasp. A finger is said to be force isotropic when the
intensity of forces exerted at the centre of each phalanx on
the grasped object are identical. This property is of major
importance to prevent damages to the object.
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Fig. 6: Kinematic scheme of the TWIX Hand.

In order to simplify the problem, phalanxes have been
chosen with the same length. Only, the lengths of the lever
arms (c,c,,c;) have been optimised according to the
positiveness and the isotropy of phalanx forces.

The analytical expression of normal contact forces for an
undearactuated finger is given in [13]. However, this study
is dedicated to fingers using “four-bar linkage” or “pulley-
cable” mechanisms to achieve underactuation. Thus,
expressions obtained for our hand are slightly different.

f=J"T"t, (16)

where f=[f, f, f,] is the vector of normal contact

forces and t=[T, 7, T,]' is the input torque vector

exerted by the actuator and springs. J, is the jacobian

matrix of the finger and T the so-called transmission
matrix.

k, 0 0
J, = k, +1,C, k, 01|, (17)
ky +IIC92+33 + 12C93 ky +12Cg} ky

where C, =cos(p) and 6, is the angle between the "

phalanx and the previous one (the palm for the proximal
phalanx). /, is the length of the /" phalanx and &, is the

contact location along the considered phalanx.
Using [18], the transmission matrix is

h+h 1 0 0

T = h 01 0], (18)
h, 0 0 1

t=[pS 5 T, L], (19)

where S is the surface of the piston of cylinders. T, is the
spring torque exerted on the ™ phalanx.. &, = ¢, cos(e;) is
the effective lever arm of cylinder V,, h =c, cos(e/) . The
relation between ¢; and 6, is given by
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a,=6,+p and o =6, + B/, (20)

where f, depends on the angular range of 6,. Given

6c| =17 6 cl0Z ] and 6, e| - =2, 1)
4’12 3 12°3

hY4 , 3z T V4

lzaﬂl_ S:ﬂz— 69ﬂ3_ 8
Hence, the static equilibrium of the finger when grasping

a fixed object assuming that all three phalanxes are in

contact, gives the following expressions for contact forces

one gets f =—

f=pS ¢,Cyip +6C . p 3 ,Co1p, |:k2 +11C92]
1 pO kl klkz
, (22)
. 0311C93+/33 |:(k3 +12C93 )ng _k3C92+93:|
k ke ks
okC, ., —¢,Cy ks +1,C

f2=poS23HZﬁ2 393/33(3 zel), 23)

kyk,

G,
fi=pyS—"", (24)

k

Some assumptions, namely negligible friction at the
contacts and negligible spring torques between phalanxes,
have been made in order to obtain the above expressions.
These assumptions remain effective in the following study.
All phalanxes have the same length.

1) Force positiveness
This section aims at defining conditions on 7, =c,/c,

3

and 1, =¢ /c, that ensure the positiveness of contact forces
on the domain (6,,6,,6,). Therefore, we define a criterion
n, that is the percentage of the domain (6,,6,,6,) for which
f; is positive.

The conclusion for the distal phalanx is direct since

fi>0, v, e {—%;%} thus 77, =1. Using (23), Fig. 7 is
drawn and a condition is deduced on r,; so that 77, =1:

ry 234, (25)

Fig. 7: Representation of 7, , namely the percentage of the domain

(6,,6,.0,) for which f, is positive, as a function of r,, =c,/c; .
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In the same manner, 7, is represented on Fig. 8 as a
function of 7, and r,, . Thus, with r, =3.4, 7, has to be
>74

chosen 7, sothat 77, =1.

13 =

Fig. 8: Representation of 7, as a function of 7, and r,; .

2) Force isotropy

In [8], the author presented a cam-tendon device
providing equal phalanx forces whatever the configuration
of the finger. However, the property of force isotropy is
generally local, indeed phalanx forces present high
variations depending on the finger configuration. Therefore,
the criterion introduced in [17] is used in order to quantify
the force-isotropy of the finger:

(26)

It should be noted that the phalanx force actually exerted on
the object is considered null when the computed force is

negative. A minimum of K'_23 =40 % is obtained for
1, =3,7. In the same manner, if r, =3,7, K‘_l} is minimal
(4 %) for 1, =7,5.

23

max
K23

Fig. 9: a and x5

5, as a function of r,; .
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3) Design constraints

Given the maximal stroke s, of cylinders and the angle

X

clearance A, of the bar c,, an upper limit on the length of
c, is
s,
¢ < ——mx 27
" 2sin(A6,/2) @7
Since cylinders have a maximal stroke of 17,7 mm, one
obtains the following constraint:

€,Cy,¢; <17,7 mm, (28)

C. Conclusion
Considering all the performance criteria and design
constraints defined in this section, the following lengths
have been chosen
¢ =17,7mm, ¢, =9,8 mm and ¢, =2,4 mm (29)
rn, =75 and r,, =3,7 (30)
The following performances can be expected from the
fingers:

Criterion Result
Ui 100 %
n, 100 %
VA 100 %
Ky 4%
K 310 %
Ky 40 %
K 166 %

Tab. 1: Expectable performances of the finger using 7, =7,5 and

1y =3,7.

Fig. 10: The TWIX hand performing an enveloping grasp on the left
and a fine pinch grasp on the right.

V. CONCLUSION

In this paper, a new pneumatically driven underactuated
hand has been presented. Non-backdrivable mechanisms,
have been introduced in the transmission of motion of
phalanxes, so that the hand is form-closure capable. This has
been justified using a newly developed method that permits
to study the form-closure of a grasp exerted by an
underactuated hand. Furthermore, the wuse of non-
backdrivable mechanisms highly contributes to improve the
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overall stability of the fingers since it suppresses the ejection
phenomenon by prohibiting any backward motion of
phalanxes. Finally, the optimal design of fingers has been
presented. Therefore, two properties have been considered
that are the positiveness of phalanx forces and the force-
isotropy of the fingers.
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