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Underactuated Finger Design for Flexible
Grasping in Robotic Assembly

Lazar Matijasevi¢, PhD Student, Petar B. Petrovi¢, Full Professor

Abstract—At present-day manufacturing and assembly lines,
fairly simple mechanism grippers are used. On the other hand,
growing demand for customized products that are mass
produced, require flexible, multipurpose grippers that are
capable of grasping complex objects of different sizes and
shapes. In order for robotic hand to be industry acceptable it
needs to be robust, easy to control and most importantly it
needs to be affordable price-wise. With that in mind concept of
multifingered underactuated robotic hand appears as a good
candidate to be optimal, general purpose solution.
Underactuation as a concept allows robotic hands to grip
arbitrary shaped objects without the need for complex control
and sensory systems. Also, with less actuators than degrees of
freedom multifingered underactuated robotic hand is more
affordable and from robot arm carrying capacity standpoint,
actuators with less weight allows robotic systems to move faster
or to carry heavier loads. For this research linkage driven
underactuated mechanisms are chosen because of their rigidity
and that trait makes control system more reliable and easier to
make thus making whole robotic system more robust and
reliable. This paper presents some aspects of design and
grasping force analysis of three degrees of freedom (3-DoF)
underactuated robotic finger with linkage driven mechanism
for CMSysLab Robotic Hand.

Index Terms—Robotic Assembly,
Underactuation;

Robotic Hand, Design;

I. INTRODUCTION

In industry setting, grasping of various objects in a well-
structured or unstructured environment present complex
tasks that are still performed by human operators even if
environment is dangerous. The new production paradigm of
mass customization and extensive needs for application of
robotic technology in domain of Small and Medium
Enterprises (SME), imposes demands for highly flexible,
multipurpose gripers that are capable of precise and reliable
grasping complex objects of different sizes and shapes,
including in hand manipulation. In order to accommodate
demands of mass customization and market push for
ubiquitous use of robotic technology in SME operations,
both robotic arms and robotic hands that approach
performances of humans in terms of dexterity and
adaptation capabilities must be developed, [1].

Robotic hands that can, to some degree, mimic human
hand capabilities are using principle of complete actuation.
One example of fully-actuated robotic hand is Shadow
Dexterous Hand [2]. These fully-actuated robotic hands
have some disadvantages like: space needed to put all
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actuators in, increased weight of such hand, complexity of
control system needed to operate properly and biggest one,
from application point of view, is high price of these hands.

On the other hand, prototypes are made that involve a
smaller number of actuators than degrees of freedom. This
approach, called underactuation is implemented through the
use of passive elements like mechanical limits and springs
leading to a mechanical adaptation of the finger to the shape
of the object to be grasped.

In case of robotic grasping, underactuation allows the
robotic hand to adjust itself to a wide range of shapes,
including irregularly shaped objects, without the need for
complex control strategies, sensory systems for feedback
and replaceable mechanical parts. These underactuated
robotic hand systems don’t need complex control systems to
operate, also have smaller mass and on top of that they are
less expensive than fully actuated robotic hands and can
even compare to regular grippers when it comes to price.
These traits makes them a good choice when considering
development of more flexible griping systems to use in
industry.

Underactuation in robotic hands leads to some intriguing
properties. Underactuated robotic hands cannot always
ensure full whole-hand grasping. Distribution of the forces
onto the different phalanges is predetermined by the
mechanical design of the hand and in some configurations
phalanges may not be able to actually exert any force. This
uncontrollable force distribution can also lead to unstable
grasps: a continuous closing motion of the actuator tending
to eject the object [3] as shown on Fig.1.
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Fig. 1. Unstable grasp of object.

Designing and building underactuated robotic finger that
can adapt to any object but can never actually grasp it is
futile and to avoid that it is important to do a force analysis
of that robotic finger.

In this paper, a new design of the robotic hand, i.e., the
CMSysLab Hand, will be presented, focusing to its building
block, an uderactuated finger, and within this scope it will
be shown how to calculate force that each phalange exerts
on object grasped. That information is important in
understanding and prevention of above mentioned
phenomenon of grasp degeneration and ejection of object.



II. GENERAL ANALYTICAL MODEL

In this chapter, a method for obtaining information about
force capabilities of robotic n-DoF fingers will be presented.
This method is based on approach presented in [4] and [5].
This method will allow one to completely describe the
relationship between the input torque of the finger actuator
and the contact forces distribution on the phalanges.

For purpose of describing the proposed method, object of
grasping will be considered fixed in space and friction will
be ignored. Fixing object in space make proposed model
predictable and allow for only one finger to be evaluated
without the influence of another finger or moving object.

The neglecting friction by itself is very restrictive, but this
assumption makes mathematical model relaxed and allows
for primary aim of this paper which is to study the capability
of the finger, and only finger, to exert contact force on the
fixed object. In this stage of our research, our goal is to
determine how is actuating torque transmitted through the
kinematical chain of the finger and to determine its impact
and impact of passive springs on contact force that is
exerted on object. Obviously, above mentioned friction
properties of contact between object and finger, as well as
friction in joints of the finger have tremendous impact on
grasping stability, and it will be part of second stage of our
research. Friction properties of system are highly
unpredictable and including those in this stage of research
brings high level of uncertainty to the mathematical model.
The significance of such model is questionable without
proper experimental results and therefore it will be done
with experimental setup that is in finishing stages of design.

Fig. 2. Representation of n-DoF finger.

An underactuated robotic finger with »n phalanges is
illustrated in Fig. 2. The input torque from actuator is
applied to the first joint of the finger, and it is transmitted to
the phalanges through four-bar linkages (FBL).

Adding the springs to the joints results with fully adaptive
finger with compliant joints. Passive elements are used to
cinematically constrain the finger, and to ensure that finger
will adapt to the shape of object being grasped.

The following parameters are presented on Fig. 2:

- L, - the length of the i phalanx,

- a, - the length of the first driving bar of the i" FBL,

- b, - the length of the i underactuated bar,

- ¢, - the length of the second driving bar of the i FBL,

th

- 6, - the rotating angle of the ;" phalanx,

-y, - the angle between O,P and O.P,
- T, - the torque of the actuator at the first joint,
- T, - the spring torque of the i” joint,

th

- F; - the contact force of the i phalanx,

- k, - position of contact point on the i phalanx.

In order to determine the distributions of the contact
forces that depend on the contact point location and the joint
torques inserted by springs, it is necessary to perform a
quasi-static modeling of the finger. Equating the input and
the output virtual powers of the finger, it yields:

"o, =F"v (1)
where 7T represents the input torque vector from the
actuator and springs, @, is the corresponding velocity

a
vector, F is the contact force vector, and v is the projected
velocity vector of the contact points:

I Ti 010 _Fi ] _vycl ]
T, =-K,A0, 920 F, Viea
T = ];3 = _K3A03 2 wn = 93a b F = P; , V= Vyc} ’ (2)
_Zn = _KnAen _ én _E1 _ _vycn i

where K, is the stiffness of the torsional spring in joint O,,

and A is the displacement between the current and initial
angles of the joint O,

Projected velocities can be expressed as a product of a
Jacobian matrix J, and the derivative vector of the phalanx

joint coordinates, 0 =[6,, 6,, 6,, ..., H,I]T :
v=J,0. (3)
The Jacobian matrix J,, of the projected velocities, can

be obtained in a lower triangular form:

[ &, 0 0 ... 0]
o, kK 0 ... 0

Jr=la, ay k... 0| a =k. 4
_aln aZn a3n kn_

Matrix member @, can be calculated:

j-l J
ay.:kj+Zchos(z Hmj; i<j. (®)]
k=i

m=k+1

By using differential calculus, it is possible to relate the
vector to the derivatives of the phalanx joint coordinates
defined previously with an actuation Jacobian matrix J, :

0=J, w,. (6)
In case of underactuated finger model, the four-bar

linkage mechanism is used to transmit the actuator torque to
each phalanx.
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Principle of transmission provides the angular velocity
ratio of four-bar linkage that is known as Kennedy’s
Theorem [6], which states that the three instantancous
centers of rotation shared by three rigid bodies in relative
planar motion to another (whether or not connected) all lie
on the same straight line.

Considering i" four-bar linkage O.PP',O,,,:
¢, (L sin(8

i+la

=0 +0 _l//ifl)_ar‘Sin(et_em+91+Ia_u/x+l))
M g (Lsin(0,-6, )+ ¢ sin(0,- 6, + 0, ~v.,))

ia i

Considering last four-bar linkage O, ,P,_ PO, :

n=1"n
p c, 1(er 1Sin(‘9n _'//n)_an 15in(‘9n 1= 0,4, 10, _V/n))
" a,, (Ln—l Sin(en—l 76n71a)+(”n71 Sin(en—l -0,,+0, 7‘///7)) '

0,

n-1 " Yn-la

Equation (7) is obtained by substituting equations for 49'[
and QH into (6).

0, X, 0 0 0,
o |0 1 X, - 0 |6,
6, |= 6, | (7
0O 0 O X,
6] [0 0 0 - 1 ]86,]
where
G (Li Sin(gmu ~Win ) -4 Sin(gi =0, +0.,, Vi )) (8)

" a(Lsin(6,-0,)+csin(6,-0,+6.,-v.)

_ G (Ln—l Sin(en _l//n)_an—l sin (9;1—1 -0,,+0, _Wn)) (9)

a,, (Lnfl sin (gnfl -0, ) +c,,sin (HH -0,_,+t0,-y, ))
Function X, is function that describes the transmition of

actuator torque to the i phalanx.

Equation (10) that provides a practical relationship
between the actuator torques and contact forces is derived
from (1), (3) and (6):

F=JJ'T (10)

This equation is only valid in case when kk,k, ...k, =0,
which is the condition of singularity for matrix J,. Matrix
J, cannot be singular, but, the finger may perform contact

with the object in case that number of phalanges in contact
with object is fewer than #. This assumption results in a
singularity of the matrix J,., so that (10) is not applicable.

III.  KINETOSTATIC FORCE DISTRIBUTION MODEL

In order for a less-than-n phalanx grasp to be stable, every
phalanx in contact with the object should have a strictly
positive corresponding force. In grasping process, the
contact appear not only with all phalanges, but also with
fewer than n phalanges.

The corresponding generated forces for phalanges which
are not in contact with the object should be zero, because
that forces can also be seen as the external forces needed to
counter the actuation torque. However, calculation of
contact forces in case of fewer-than-n phalanges touching by
object by using Equation (10) can be a problem because of
the singularity of the matrix J,.

This problem can be solved by proposing a general
method to determine the distributions of contact forces in all
cases of gripper behaviors in object grasping. In order to do
that, it is assumed that the stability of the grasp must be

satisfied in all cases.
From Equations (10) it is obtained:

JIF=J]T, (11)
where the component J,'T on the right side is the torque

vector 7=[z,, 7,, ..., 7,] atall joints of the finger relating

to the actuator, spring torques and functions of torque
transmission between actuator and phalanges, which is

described by following equation:
_ e

T, 1 X 0 - 0 T
T, o 1 X, - 0 T,
T, |=JT=|- T, (12a)
0 0 0 X,
kS o o o0 - 1 |7, |
which leads to:
i T\vz _XlTl
2]
T,-X,T,+XX,T
z |= 3 2 2 1420 T, =T (12)
n—l . n—1
_Tn_ T;n +Z (_1)” ! HXiT;i
L j=1 i=j J
The left part of (11) can be expressed as:
T
k0 0 0 F
a, k, 0 0l |F
JIF=|a, a, k 0| |F (13)
aln Cl2n a}n kn Fn

By substituting Equations (12) and (13) in (11), it
follows:
T

7] [k 0 o0 o1TE
7, a, k0 0] |£F
T, a, o, k 0 El. (14
Tn aln aZn a3n o kn E7

This equation shows that the torque 7, at the i th joint of the
finger is calculated with respect to the contact forces vector

F' and parameters ¢ , as shown in following equation:

y >
Z%‘F/ =7, a,=k . (15)
j=i

In case when number of phalanges in contact with object
is fewer than n (e.g., when the i” phalanx is not touching
the object), the parameters ¢, in (15) are not relevant and

F, is zero. This means that (15) does not meet this

condition, so it is not considered when computing the torque

7, in case when the i”

phalanx is not touching the object.
In order to calculate the contact forces vector F in (14),

except for F;, the following process must be used:
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Size of J;(n<n)

Proceed with
analisys

Contact with all
phalanges

:th

i’ phalanx is not in
contact with object

l—l

Neglect the i" column on the matrix J,,
because all parameters o, do not exist

Neglect the i row on the matrix J,,
because all parameters o relate to F=0

Remove the element F=0 on the
left side of the force vector

Neglect the element T, at the i” joint on
the right side of the torque vector 1

| Size of J;(n-1 <n-1) |

| Proceed with analisys |

Fig. 3. Algorithm for calculating force parameters in case when not all
phalanges are in contact with object.

“ column and i row, dimension

of the matrix J, is reduced by n—1xn—1, while it is
that

Consequently, Equation (14) can be used in order to

After neglecting the i

guaranteed matrix J, will not be singular.

calculate the contact forces, except for force F, on the i"

phalanx. The same process is also used in case when more
than one phalanx is not in contact with the object.

IV. CMSYSLAB HAND FINGER DESIGN

Aim of this research is to develop multifingered
underactuated hand for use in industry setting for tasks of
extremely diversified robotic assembly and enable
ubiquitous use in industry, in particular SME compatibility.
For this purpose we have entered in development of the
underactuated robotic finger that uses sets of linkages to
transmit torque from actuator to phalanges. CMSysLab
Hand finger is designed in such a manner that it allows easy
installation of various sensors and building various
configurations of the multifingered hands, including
reconfigurable hands, making it optimal building block for
various research purposes. Underactuated robotic finger
design for CMSysLab Hand has three phalanges and
therefore 3-DoF.

Parameters of finger for CMSysLab robotic hand are
based on actual proportions of finger of human hand. The
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set of parameters presented in Table 1 is taking into account
the mechanical joint limits, which are key elements in the
design of underactuated fingers, when considering stability
issues, because they limit the shape adaptation to reasonable
configurations.

TABLE 1

PARAMETERS OF CMSYSLAB UNDERACTUATED FINGER
a,[mm] 30 a, [mm] 23
b, [mm] 60.5 b, [mm] 37
¢, [mm] 15 C, [mm] 14
L, [mm] 64.5 W, 52
L, [mm] 37.5 W, 10 90
L [mm] 34.5

Geometric and contact force parameters of underactuated
3-DoF finger are described in Fig. 4.

Fig. 5. Mechanical structure of underactuated 3-DoF finger.

The behavior of the finger is mostly determined by its
geometry. Depending on the geometric parameters of the



mechanism, it is possible to obtain the final stability of the
grasp. In structure of the finger, shown on Fig. 5,
mechanical limit is used, which allows a pre-loading of the
spring , shown with red color, to prevent any undesirable
motion of the medial and distal phalanges, due to its own
weight and/or inertial effects, as well to prevent
hyperflexion of the finger. In Fig. 6 workspace as well as
pre-forming stages of such finger are shown.

Fig. 6. Workspace of underactuated 3-DoF finger.

V. CONTACT FORCE ANALYSIS

In case of the underactuated finger with 3-DoF, (10) holds
if and only if kk,k, # 0, which represents the condition of

singularity for the matrix J, as shown in Fig. 5. There are

however other cases, where finger can contact the object
when one or two phalanges of the finger are not touching the
object, which is shown in Fig. 7, 8,9 and 10.

In order to calculate the contact forces F;, F,and F, on
the grasping object, it is necessary to separate four cases of
possible behaviors between the finger and the object during
grasping process.

Case 1: All three phalanges of the finger are in contact with
the object, so k k,k, # 0, as shown in Fig. 7.

Fig. 7. Representation of 3-DoF robotic finger in case were all phalanges
are in contact with grasped object.

The relationship between the actuator torques and contact
forces can be derived from (14):
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ky k,+LC, k+LC,+L,C || F
0 k, k, + L,C, F,
0 0 k, F,
(16)
T
= I,-XT

T =X, T, + X\ X,T,
From previous equation, the three contact forces F|, F,

and F, can be computed by using Equations (17), (18) and

(19), respectively:
E _E_(kz +L1C2)(]1,2 _X17;)
=
k, k,k,
_ (k3 + LG, +L2C3)(Tsa XTI, +X1X271) (17)
kik,
4 (kz +L1C2)(k3 +L2C3)(Ts3 _Xszz +X1X2E)
ki,
F = Tsz - X7 _(k3 +L2C3)(T\,3 _Xszz +X1X2T]) (18)
’ ky kyky
F, :Ts3_X2Ts]§+X1X2Tl (19)
3

Case 2: The proximal and distal phalanges are in contact
with the object, which means that parameter k, does not

exist, while force F, is zero, as illustrated in Fig. 8.

Fig. 8. Representation of 3-DoF robotic finger in case were proximal and
distal phalanges are in contact with grasped object.

In Equation (16), the second column and second row in
the matrix J, relating to the medial phalanx are removed,

as well as the force F, and the torque 7, =7, — X7 in the

F and 7. After removal of aforementioned
elements, (16) obtains the following form:

ki ks + LGy + LG || K _ I
0 ks £ - Ty = XTI, + X\ X0 T,

where forces F, and F; are calculated using (21) and (19),

vectors

T
»(20)

respectively:
F =£_(k3+L1C23+L2C3)(TS3—X2712+X1X27;) 1)
1 kl k1k3 '



Case 3: The medial and distal phalanges are in contact with
the object, which means that parameter k, does not exist,

while force F is zero, as illustrated in Fig. 9.

Fig. 9. Representation of 3-DoF robotic finger in case were medial and
distal phalanges are in contact with grasped object.

In Equation (16), the first column and first row in the
matrix J, relating to the proximal phalanx are removed.

Also, the elements F, and 7, in the force vector F and

torque vector 7 are removed. Then (16) becomes:
kz k3 +L2C3 Fz _ Ts-z _XIT; i (22)
0 k3 F3 71-3_X27:2+X1X27}

where F, and F, are calculated by using (18) and (19),

respectively.

Case 4: Only the distal phalanx is in contact with the object,
which means that parameters k, and k, do not exist, while

elements F, and F, of force vector F are zero, as
illustrated in Fig. 10.

Fig. 10. Representation of 3-DoF robotic finger in case were only distal
phalanx is in contact with grasped object.

In Equation (16), the first and second column and row in
the matrix J, relating to the proximal and medial phalanges

are removed, as well as the elements F, and F, of the force
vector F', and element 7, of the torque vector 7. Then,
Equation (16) becomes:

kF, =T, - X,T, + X,
where F; is calculated by using Equation (19).

X, T,

271>

(23)
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VI. CONCLUSION

In this paper, a method for obtaining information of the
force acting upon phalanges was presented. This kind of
force analysis is important so that researchers and designers
of underactuated robotic hands can design proper
underactuated finger that has stable grasp of object. These
hands have to be robust enough and to have stable grasp if
they were to be used in industry setting.

As part of future research this proposed mathematical
model for analysis of force distribution on phalanges is
going to be supplemented with actual experimental results
from experiments with first two finger underactuated
CMSysLab Hand.

Future work on CMSysLab Hand will also include
simulation of this hand in various softwares and
authentication of results through experiments. Design of
CMSysLab Hand allows the hand to be equipped with
different sensory systems so that experiments can be done.

Future research also must include optimization of four-bar
linkages and calculation and optimization of springs that are
used to counter inertial effects due to phalanges own weight
and friction.
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