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Abstract—A frame of modular design problems and
requirements for underactuated mechanisms is discussed as
related to robotic fingers. The proposed modular mechanism is
connected sequentially by series units of underactuated
mechanisms, which have the feature of passive self-adaptive in
grasp operation and uniformizable in design procedure. The
design considerations for modular underactuated mechanism
are outlined. Optimality criteria are analyzed with the aim to
formulate a general design algorithm. An example of a
four-phalanx modular robotic finger is studied as an
improvement of new version LARM Hand with the aim to show
the practical feasibility for the proposed modular concepts and
design methods.

1. INTRODUCTION

he aim of underactuated mechanisms is to reduce the

number of degrees of freedom and actuators with
low-cost easy-operation features for applications in robotics
and other fields. Several solutions are proposed as robotic
hands in the literature with tendon or linkage structures, as in
[1-5]. Linkage-based mechanisms are usually preferred for
applications where large grasping forces are requested. They
can performance enveloping motion to grasp large objects
stably as desired. The feature of enveloping grasp are studied
by many researchers. An analysis is reported in [6] for an
enveloping grasp using frictionless contact. A design
procedure for a two-phalanx underactuated finger is
presented in [7] with grasp stability issues. A novel
multi-finger underactuated mechanism is proposed in [8] with
torsion springs in the joints. A robotic hand with two fingers
with 3 phalanxes is reported in [9]; each of the fingers is
actuated by 4 pneumatic cylinders for underactuated
mechanisms. In [10] the authors proposed a design of a finger
that is based on underactuated linkage mechanism and
coupling linkage. A design of compact bio-mimetic fingers
with compliant mechanisms is reported in [11] as embedded
in the finger body during the grasping operation.
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Since the early 1990s at LARM, a research line has been
devoted for designing low-cost easy-operation grasping
anthropomorphic fingers as reported in [12]. Solutions with
underactuated mechanisms and flexible mechanisms have
been carefully discussed in [13], in order to improve the
capability of grasping objects with different sizes and shapes.

It is useful to develop a modular finger mechanism which
is based on underactuated linkage mechanisms. This kind of
mechanisms has of low-cost easy operation features, and they
can perform enveloping grasp for most of the grasping tasks.
Modular mechanisms have suitable characteristics for an
iterative design procedure. For general requirements, design
considerations have been summarized and formulated for
modular underactuated finger mechanisms in this paper as
criteria in a optimization design procedure.

II. MODULAR DESIGN FOR UNDERACTUATED FINGER
MECHANISMS

Passive elements can be used to constrain the kinematics of
a finger, such as torsion springs and linear springs. For
example, a new type of underactuated finger is proposed in
[14] and is based on linkage mechanism with passive
elements as studied at LARM. Feasible design schemes are
shown in Fig. 1. Those kinematic designs for a new
underactuated finger are based on four-bar mechanisms with
torsion springs and linear springs in different phalanxes. They
can perform self-adaptation to grasp objects with different
shape and size within a certain range. Moreover, such
underactuated mechanism can remain fully embedded in the
finger body. Nevertheless, this result can be only obtained
through a careful dimensional synthesis of the mechanism.
This dimensional synthesis can be also achieved via a
multi-objective optimization problem.

A modular mechanism can be considered as a mechanism
whose design is obtained by repetition of sub-systems whose
output is the input for the next one in the kinematic chain. In
addition, each module can have a full functionality that
nevertheless characterizes the operation of the overall design.

Phalanx 3

b)
Fig. 1 Kinematic design schemes for new linkage underactuated finger
mechanisms.

In this paper, a specific attention has been addressed in
choosing as modules underactuated mechanisms with linkage
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design and spring elements. Advantages in using modular
mechanism for finger design can be identified in aspects that
enhance the easiness of the operation, the compactness and
maintenance of the design, and unified standards of the
mechanical design. In addition, underactuation in robotic
hand grasping gives fewer actuators than degrees of freedom,
as reported in [15]. This gives the character of simple control
adapting to objects shape automatically as an advantage of the
mechanical intelligence for the design of robotic fingers.

III. DESIGN CONSIDERATIONS

In order to satisfy general design requirements, design
considerations should be summarized and formulated as
criteria in a design procedure. Considerations include the
efficiency, force, anthropomorphic, tolerances, size,
capability, compactness. Thus, a design for a robot finger
must fulfill basic features, such as motion transmission,
actuation efficiency, underactuation operation, position error
and tolerances analysis, grasping capability, compact
mechanical design, light-weight design.

A. Motion Transmission

A proper motion transmission in underactuated modular
mechanisms is due to the transmission angles between
consecutive units since they are also the rotation angles of the
phalanxes. The angle between the coupler link and follower
link in a four-bar mechanism is called as the transmission
angle. The input torque is affected by transmission angles to
actuate a phalanx. As a transmission angle becomes small, the
mechanical transmission can be extremely difficult, so that
even a small amount of friction will cause the mechanism to
lock or jam as pointed in any handbook. A common rule from
engineering practice is that a four-bar linkage should not be
used in the region where the transmission angle is less than 40
deg or larger than 130 deg.

Referring to the scheme in Fig. 2 for a N-modular finger
mechanism, when phalanx 1 contacts an object, the point of B
on the link P, will not move any more, and the angle of S, will
begin to change. Thus, the next unit phalanx 2 will be
actuated through link AA; and link A;B*. When a finger body
of phalanx i contacts an object, it will be stop on the object
surface. An equivalent mechanism of phalanx (i+1)
contacting an object can be modeled as in Fig. 3, in which link
1J stops against the surfaces of the object after phalanx i
contacts an object. Joint I and J will not move any more, but
link P; continues rotating to actuate the next linkage
mechanism unit.

&
Phalanx NN phatanx N+1

Fig. 2 A modular underactuated finger mechanism with 1 active DOF.

Phalanx (N+1)

Q

Fig. 3 An equivalent mechanism for modular robotic finger mechanism when
(i+1)-th phalanx contacts an object.

At the same time the torsion spring S; in phalanx i begins to
extend, link P;,; begins to rotate around the joint J and the
other phalanxes continue to envelope the object. When the
next phalanx contacts the object, link JK stops against the
object surface. As shown in Fig. 3, Opg:); refers to the
rotation angle of link P,y when i-th phalanx stops on the
object surface, and ABp11) 1) refers to the additional rotation
angle of the (i+1)-th phalanx after i-th phalanx contacts the
object. Thus, after phalanx i contacts an object, the angle
parameter Op;; can be computed as 0p; = Op 1), in which 0p; ,
is the angle of link P; after that m-th phalanx contacts the
object. The rotation angle Bp11),i+1) can be given as

ep(m (i) =0 P(i+1),i +A9P(i+l (i) (D

where ABp.1)m indicates the additional rotation angle of link
Py after i-th link contacts the object. Then, when phalanx
(it1) contacts the object, the angle of link P., can be
computed equal from the previous module in Fig. 3.
Therefore if phalanx 2 contacts the object the point C will not
move any more, the angle of link P; can be given as, Fig. 2,

6P3,2 :eP3,1 +A9P3,2 2

Therefore the angles of other links P;, will remain equal to
Op3 . Thus, if there are N+1 phalanxes in the modular finger
mechanism, after the N-th phalanx contacts the object the
angle of link Py, y-th can be expressed as

0

o My 3)

PONHIN - UP(N+1),(N-1)
Consequently, when the final phalanx contacts the object the

angle of link P(x:y can be computed as

OP(NH)‘(NH):AOP(NH),(NH) +A9P(N+l)‘N +-- '+A9P2,1 + 9Pz,o “

In order to compute the transmission angle for each
phalanx, a single phalanx module can be analyzed as in Fig. 3,
where Op; is the input angle for the i-th four-bar linkage
module and 0p;; is its output angle. If the dimension of the
four-bar linkage is given, a function for the input-output
angles can be formulated as 6p;;; = f(0p;). Another function
can also be defined as f;(0p;+1)= Ay to express the relationship
between the transmission angles A; and the input angle 0p;.;.
The angles Aq; and Op; are given by the dimension parameters
of the linkage mechanism. In Fig. 2 for example, the
transmission angle is given by A.=A;B*B, and the
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relationship between transmission angle A, and the 0p, can be
expressed as Ay = f3(0p;). A modular four-bar mechanism can
be designed to achieve a performance with 0p;/0p;>1, so that
Op; is the smallest among all 8p;. The transmission angle range
of the first phalanx is the largest than others. Thus, the
restriction on A, can be expressed as the smallest
transmission angle for the whole finger mechanism.

In general grasping tasks, the finger envelopes objects in a
motion plane when they have a regular surface like cylinders.
At the final configuration, each phalanx link can be
considered as a segment of a polygon enveloping the object
boundary. Thus, the additional angle for each phalanx motion
AOp(is1yi equals to AOp. The angles for the (N+1)-th phalanx
can be expressed from (3) and (4) as

eP(N+1),(N+1) = f(i+1),i ( ' 'fz,l (ePl +A9P)' ' ')+A6P (5)
The restriction for transmission angle can be expressed as

)\’lr,l =1,(0,,) 240°% }\‘tr,N =f, (eP(N+1),(N+1)) <130° (6)

B. Actuation Efficiency

The maximum input torque t;, can be optimized in a design
process for an efficient grasping process, with the aim to have
the smallest actuator as possible.

A suitable contact model of the modular finger mechanism
can be proposed as Fig. 4 at a final grasping configuration,
where f;: contact force for each phalanx; r;: vector for each
link in the mechanism; W: the weight of grasped object; R:
the radius of grasped segment cylindrical object; t;,: input
torque for the actuator; S;: torsion spring efficient; Op;: the
phalanx angle; B;: the angle of the phalanx force. According to
the Principle of Virtual Work, the relationship between
external forces on each phalanx and corresponding driving
force for finger mechanism can be written as

=J'f, 7

where f.: the vector of external forces acting on the phalanxes;

T: the vector of input torques of the modular finger
mechanism system; J: the Jacobian matrix of the proposed
mechanism which can be formulated by using kinematics
relationship.

The friction at the contact surface can be neglected at the
design stage since this condition is conservative both for
static equilibrium of a grasp and for grasp tasks with
low-friction objects. Thus, the contact torque in vector of
external forces f, can be zero and vector f, can be given as

fe :[05 e 09 f1COSB1 5 flsinﬁl PR 5fN+1COSBN+1 ) fNHSinBNH ]T (8)

=[1, Ty "'TS(NH)]T ©)
J:a[epp"'aepNaxp Yo o Xnsns YNH]T (10)
a[ein’ 9515 ""GS(NH)]T

Fig. 4 A contact model for modular underactuated finger mechanism.

where tg;: the torque of each torsion spring; X;, Y;: the

positions of the contact force location in XY frame in Fig. 4.
By using (8), (9) into (7), the relationship among contact

force and driving torque and spring torque can be given as

[Tm’Tsv""Tsmwl)]T = JT[O""’O’ fchI’flSBl’.”’fN\ICBN\l’fN\ISBNbl]T
(11)

Therefore, the equilibrium can be formulated in the form
T = Uf,, where f, is the vector of contact forces [fi,.. .,fN+1]T,
U is a matrix containing Jacobian matrix.

Considering the actuator torque for grasping efficiency, an
optimality criterion can be expressed as to minimize the
actuator torque, with restrictive conditions as £>0.

C. Underactuated Operation with Spring System Design

Design considerations includes aspects for the spring
design, since energy can be stored in the springs. The spring
coefficients k; can be computed from (11) as

1

ki = /(485 Uf = Vf

1/(A05(N+1))

(12)

k(N+1)
in which ABg; is the difference of i-th spring angles between
final configuration and initial configuration. The matrix V

contains angle parameters and matrix U. Thus, the coefficient
for each torsion spring k;j can be computed as

N+

— 13
kj _Zl‘liﬁ-lfi ( )

where Vi is the (it+1)-th column of matrix V. The energy
which is stored in the torsion spring system at a final
configuration, can be formulated as

N+l

Z ki (6&' - 651‘,0 )2
i=1

gl (14)
) 4

Thus, an optimality criterion for the spring system design
can be expressed as to minimize the stored energy E in (14).
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D. Position Error and Tolerances Analysis

A modular mechanism may accumulate a large amount of
position errors in a series of modules. As for example in Fig.
4, the position error of joint (N+1) in the final module is
affected and accumulated from previous mechanism
modules. A mechanical position error can be represented as a
deviation from a prescribed point position as reported in [16].
The prescribed position can be computed by using the design
values for all mechanism modules as the input parameters. A
direct linearization function approaches is provided and an
application to position error in kinematic linkages is
introduced in [17]. This approach can be applied also to the
design of modular finger mechanisms.

In Fig. 4, for a given input link r;, the position of point
(N+1) in the final module Py can be computed by solving
closed loops and one open loop for the over all finger
mechanism. Referring to Fig. 4, the closed loops can be
expressed as

r,+r,—r,—-r—-r,=0

-1, =0 (=2,..N)

(15)
(16)

I, Ty — Ty

1

These equations can be expanded into 2N equations by
using components in X and Y directions, in the form

I () =1)c086, +1,0080, -1,c080, -1,c080, I, )cOSH,

h, () =1,8in0, +1,8in0, -1;sind, -1;sind, -r; ;sinb_

)

o () =1,c080, trcosB,  -rpcosO, rcosh,

by () =1,,8100, 41, 8In0, -1y sind, -1\ sinb,

where all the angles Fig. 4 are measured from the positive X
axis to its vector in counterclockwise direction. The design
position Py can also be computed by using open loop
equations for the finger mechanism chain in term of X and Y
components in the form

Xy =1c0s8, +1,c080, +13,c080, +Ltry.c080,

Y vy = 18100, 1,800, +15,81n0, +LArysinb,

(18)
(19)

The equations of closed loop can be linearized by using
first-order Taylor’s series expansion to give
[A][AX]+[B][AU]=[0] (20)
where [X] is the vector of independent variables, [X]=[r3, 13,
L, Tui» Tmi» Isi]; [U] is the vector of dependent variables,
[U]=[0r,, Or3, Ory;, Ory;, Ory, Org;]; [A] and [B] are matrices of
first-order partial derivatives with respect to the independent
and dependent variables, and they can be computed by

21
(22)

[A]=(9h))/(0X))
[B]=(2h,)/(dU,)

Matrix [AU] can be computed from (20) in the form
[AU]=—[B] '[A][AX] (23)

The same procedure can be applied to the system of the open
vector loop, and the linearized equation can be expressed as

[CI[AX]+[D][AU] =[AP, ] (24)

where matrices [C] and [D] are computed by
[C]=(a(N+1))/(0X,) (25)
[D]=(0(N+1))/(dU,) (26)

where P(N+1) is a vector [X(N+1)s Y(N+1) ] in (18) and (19)
Therefore, a sensitivity matrix [S] for the position error
analysis can be solved by substituting (23) into (24) to obtain
ADy,,, = ([C]-[D][B] '[A])N(AX) = [S][AX] 27
in which [C-DB'A] is the sensitivity matrix S which
represents changes in the independent variables as affected by

the position errors. Thus, the worst-case position error can be
expressed as

(28)

AD ., =Y sij| tol,

=

where tol; is the worst tolerance that is associated with the j-th
independent variable. Thus, the function of F-norm ||S|| for
sensitivity matrix S can be used as an optimal criterion of
position errors in a design procedure.

E. Grasping Capability and Compact Mechanical Design

Grasping capability refers to the size and weight of objects
that can be grasped. The maximum dimension that a modular
mechanism can reach should be considered both as accessible
working space and final grasping configuration. In Fig. 4,
final grasping configuration of a finger mechanism can be
identified when it envelopes cylindrical objects. The static
equilibrium for phalanx contact forces can be expressed in the
plane of the grasp. Therefore, the maximum radius R of the
largest grasped object can be computed as

N+1

R=1L, cosb, +ZrBi cosf,, —r, cos g, —AX (29)
i=2

The dimension along Y axis for the final grasping
configuration can be computed as

N+1
AY=r,sinf, +Z Vg $InG, —rsin@,

i=2
Regarding the maximum weight, it can be computed from
the static equilibrium for the contact forces balancing the

object weight. Referring to Fig. 4, neglecting the friction

(30)
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forces, the equilibrium of contact forces and gravity force of
object W along Y direction can be expressed as

Wmax = Zfl Sin Bi (3 l)
Substitute 1=Uf; into (31) it yields
W, = 2 Ui'zsinp, (32)

in which U™} is the i-th row of the matrix U™

The maximum grasping dimension can also be combined
with the concept of compact design, by using a ratio between
maximum grasping size and the total dimension of a modular
finger mechanism. The dimension of a modular finger
mechanism can be computed as the sum of the phalanx links.
Therefore, an optimal criterion for both maximum grasping
size and compactness structure can be expressed in the form

N
ratio. =R ../ DL, (33)
i=1

IV. GENERAL FORMULATION FOR OPTIMUM DESIGN

A design process with multiple design aspects should take
into account simultaneously several design criteria. Since
each of them can provide contradictory results, the design
process can be conveniently conceived as multi-objective
optimization problem in order to consider all the design
criteria at same time. Thus, an optimum design for modular
underactuated mechanisms can be formulated conveniently as

min[F(X)] = min {max [w.f, (x)]} (34)

Subjectto  G(X) <0 (35)
where min is the operator for calculating the minimum of a
vector function F(X); max determines the maximum value
among the N weighted functions w; fi(x)] at each iteration;
G(X) is the vector of constraint functions for restrictive
limiting conditions. X is the vector of design variables; w; is a
weighting factor for the i-th objective function.

The design problems can be numerically solved by using a
numerical procedure in commercial software package of
MATLAB [18]. Multi-objective optimization is concerned
with the minimization of multiple objective functions. The
first step in an optimization process consists of selecting
proper design variables, which are the geometrical parameters
such as link lengths and angles. The variables are included in
the vector X of (34). A suitable initial guess solution for the
design parameters must be prescribed in the computational
procedure. It will improve the execution efficiency and can
help locate the global minimum instead of a local minimum.
What should also be considered are the weighting factors, as
from engineering viewpoint. For this paper, the MATLAB
toolbox minimax algorithm has been used as numerical
technique to solve the formulated optimization problem.

Solutions that are generated in each iteration will consider
the linear and nonlinear restrictive conditions in (35).

V. AN EXAMPLE FOR A MODULAR FOUR-PHALANX FINGER
DESIGN IN LARM HAND

A case of study has been investigated for an underactuated
modular mechanism design that could be applied to the
LARM Hand. The design scheme in Fig. 5 which is derived
from Fig. 2 has been chosen as an example. In Fig. 5, unit one
is a cross five-bar linkage and the modular mechanisms are
from unit two to unit four, with linkage dimensions (ry;, rp;,
Tui, 'mi)- The mechanism has only one active DOF and three
passive DOFs with torsion springs. Link ry of 16 mm is the
base link and angle 6, is of 112 deg. Links r,, 1y, Iy, I'p3, are
contacting surfaces for the finger mechanism. A torsion
spring S, is fixed on link r; and r; as installed parallel to the
rotation joint B. The other two torsion springs S, and S; are
fixed in the second and third phalanx joint C and G,
respectively. The motor is installed at the joint A and it drives
directly link ry.

The optimality criteria in (34) can be used as objective
functions for normalized computations in the design
problems with weight coefficients w; (i=1, 2, 3, 4, 5) as

Min{Max[F (X)]}=Min{Max[wf,(x)]} (36)
when the objective function are given by
f(x)=1/1,5 f,(x)=E/E,; £,00=[8] /18],
fy(x) = ratioc/ ratiocp;  f5(X) =W nax (37
Subject to g; =1r>0; g, =0< a; <45°%; g3 = 0< a, <90°
g, =0<0, <180°% gs=0<0g <180° (38)

g =5SN<fi<I5N; g;=40° <Xy <130°

In particular, fi(x) in (37) represents the optimal criterion
for actuator torque in link r;. The expression fy(x) in (37)
represents the energy ratio for the spring systems as deduced
from (14). f3(x) describes the optimal criterion for the F-norm
IIS|| of sensitivity matrix S in (28). fy(x) is the ratio for
compactness in (33). Finally, fs(x) represents the ratio of
maximum weight for the grasping capability in (32).
Equations (38) represent design constraints. Particularly, the
first constraint equation g; is positive definite in order to
ensure link parameters of the driving mechanism with
positive definite practical values. The second to fifth
equations are geometric constraints for the link parameters.
The sixth constraint equation g represents the contact forces
for each unit in a reasonable value between 5N and 15N. The
equation g7 is the restrictive condition for the transmission
angles at the final configuration as expressed in (5) and (6).

Fig. 6 shows numerical evolution for the computed
objective functions and design parameters as converging to
optimal minimum values after 838 iterations with a CPU time
of 317sec in an Itel Centrino Duo PC. The evolution and final
solutions are shown in Fig. 7 and Table 1. Fig. 6 b) shows the
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evolution for the link sizes. Design parameters and design
constraints for the optimal solution are listed in Tables 2. The
spring coefficients can be computed from (13) as k;=0.045
Nm/rad, k,=0.097 Nm/rad, k;=0.177 Nm/rad. The constraint
of transmission angles at the final configuration are computed
from (5) and (6) as A;1=48.7 deg, A;n=121.4 deg.

100 200 300 400 500 600 700 800 900
Iteration

0 0
0 100 200 300 400 500 600 700 800 900 0
Iteration

a) b)
Fig. 6 Evolution of objective functions and design parameters for the
numerical example: a) objective functions; b) design parameters.

Ratio C

10— [E]

0 5 . . . . . . . .
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Iteration Iteration

a) b)
Fig. 7 Evolution of design items for the numerical example.

TABLE 1. INITIAL DATA AND OPTIMUM SOLUTION OF DESIGN CRITERIA

t(Nm) E (Nm) |IS]] ratioC Wpax (N)
Initial data 2.200 1.955 9.506 0.680 28.534
Optimum solution 1.299 0.387  8.119 0.796 31.406

TABLE 2. DESIGN PARAMETERS FOR THE OPTIMAL DESIGN IN FIG. 5.

1 I I3 i TLi
(mm (mm) (mm) (mm) (mm)
27.6 80.0 65.1 73.9 10.0
(I;lnI]Iil) (r;?;n) (m;n) oi(deg)  Oa(deg)

20.4 63.0 50.6 22.0 24.4

VI. CONCLUSION

In this paper we have presented new finger mechanisms in
the form of modular underactuated mechanisms with features
of low-cost and easy-operation. Design considerations for
modular underactuated mechanisms are analyzed to identify
and formulate design criteria. Design problems have been
formulated in a multi-objective optimization problem that has

been solved by taking into account computational
characteristics of the optimality criteria. An example of
optimality design has been reported as applied to an
enhancement of the finger mechanisms for the LARM Hand.
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