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Development of a Coupled Tendon Driven Robot Hand
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ABSTRACT: The POSTECH Hand adopting coupled
tendon driven technique with planar two fingers is devel-
oped. The hand is designed tc emulate principal motions
of the human hand which has two and three joints respec-
tively. Its kinemalic paraimeters are determined through
a parameter optimizing technique to aim at improving
the isotropy of fingertip motions with new criterion func-
tions of design. For the control of the hand, tension and
torque control algorithms are developed. Based on the
virtual stiffness concept, we develop the stiflness control
method of a grasped object with redundant finger mech-
anism and investigate experimentally.

1 Introduction

The usefulness of multi-fingered robot hands can be eas-
ily found in robot applications which requires contact
works. On the contrary, the design and control problems
concerning kinematics, actuators, sensors, transmissions
and control methodologies have limited the feasibility
and applicability of the multi-fingered hands.

Kinematic issucs are the fundamental step toward the
design of multi-fingered robot hand. The sclection of the
structure and phalangeal length are the basics to be de-
termined. In robot hands, actuator units can not be di-
rectly installed at joints due to spatial restrictions. They
are normally put at the separated places and the power
is delivercd to the joint through interiediate transmis-
sions such as tendon, belt, pulley or sheath{2, 4-6, 10,
12, 13l. The tendon actuating means are classified as
three groups according to the configuration of tendon
and actuator: they are N type[3-4], N + 1 type[l] and
2N types[2, 4], where the N represents the number of
tendons to drive a joint. The control problem of ten-
don driven system is how to overcomne the frictions and
non- linearities caused by the intermediate transmissions.
The previous works do not seem to be well investigated
on this point. In other groups, the mechanisins Lo posi-
tively use interferences or couplings between tendons are
proposed[l, 4]. They actively control the bias tensions

but make the control system complicated.

In this paper, we present the human-like hand which
has the thumb and index finger to emulate the princi-

pal motions of the human hand. Based on the deter-
mined hand model, the kinematic parameters are ob-
tained through optimization technique. The hand adopts
2N type coupled tendon driven method, which satisfies
the requitement that overall hand system should be as
small as possible. As the couplings of tendon let us use
small powered motors in spite of the number of actuators,

_the size of system package can be reduced. In the low

level control issues, the tension and torque controller is
developed and its performances are experimentally inves-
tigated. Finally, we describes the stiflness control method
of the grasped object. A stiffness controller for the re-
dundant finger is devised and applied [or the POSTECI
Hand.

2 Kinematic Design

We propose criterion functions ol design satisfying the
globally specified isotropy, namely Cooperative Weighted
Workspace and Cooperative Average lsotropy[6]. Tn the
finger, the accuracy of static force exertion and direc-
tional eveness are the most important properties, which
is represented by isotropy. The two criterion function of
design evaluate the isotropy globally, which are based on
the local measurce of isotropy. The measure of isolgopy A
is defines as follows:

M o= del(JJTy™ ()

¥ = trace(JJIT)/m, (2)
M

A = v (3)

where m is the number of joint and J is the finger Jaco-
bian. Mathematically, M is a grometric mean of eigen-
values of JJT and W represents the arithmelic mean of
cigenvalues of JJT. The measure of isotropy has an
upper hound of 1 and lower bound 0. The Jocal mea-
sure of isotropy A is expanded to the eriterion func-
tion of cooperative lingers, namely Cooperative Weighted
Workspace and Cooperalive Avcrage lsotropy. The Co-

operalive Weighted Workspace is defined as:

W(a)= [ A aga, av, (1)
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where R, = Ry N Ry N -+ R, and p denotes the number
of fingers and Ay - A+ -+ A, is the product of isotropy of
each finger.

Also, the cooperative average dexterity can be defined
sitnilarly.

CfaBi DA, dV

A (D) T av

As the measure of isotropy is bounded from 0 to 1, the
product of isotropy is bounded [tom 0 to 1. These mea-
sures may be used for evaluating cooperative capability
of multi-fingered robot hand and can be used as crite-
rion functions of design aiming at both of dexterity and
workspace.

The model of two fingered hand is as shown in Fig. 1
and the design problems can be formulated as follows:

- Find six design parameters pyp2 —
p, Ly € R?, Ly € R® where pui 2
are the base positions of each finger and
L., L, are the concatenated vector of
link length.

- Given  O1min £ 0, £ 01pnar
0211"'" S 9'2 S 02mn1:
where 8, means index joint angle and 8,

means thumb joint angle.

- max W.(A) or A(Q)

The formulated problem is solved using Paraineter Op-
timization Technique and Table 1 includes the obtained
dimensions of the hand.

Table 1: Dimensions of the POSTECH Hand

Ly 87.5
L2 85
o2 — po | 97
Lo 106
Ly 65
L3 65

where the units are mm.

3 System Configuration

The 2N type tendon driven mechanism has several ad-
vantages but the control system becomes complicated.
The POSTECIH Hand is asymmetrically conligured as a
planar structure shown in Fig. 2. Among the two kinds of
tendon routing methods[4], our system adopts symmet-
rical tendon routing( type I'), which shows even perfor-
mance in extension and flexion. Tensions are measured
by two cantilever beam element at the position as near
as the drive joint which helps reduce the noulinear of-
fects of friction in transmission system. Instead of a spe-
cially designed torque sensor such as TDT sensor(8], we

use the reconstructed torque by tension measurements,
which shows sinilar effects in torque feedback control.
Ten torque controlled DC servo motors with harmonic
reducer( rated torque 1.4Nm, torque constant 2.1Nm/A,
and rated speed 60 rpm including harmonic reduction
gear of 50:1 ) are used to actuate the tendons.

The overall hardware system are as illustrated in
Figs. 3. All the controllers are implemented discretely.
The hardware is composed of two targel computers( Mo-
torola MC68030 CPU single board computer ) ina VME-
bus card cage, and host computer SPARC workstation.
It has a D/A converter with 16 channels and a A/D con-
verter with differential 16 channels. Motor positions are
sensed by the 500 PPR incremental encoder which is used
to generate velocity feedback. We directly measure the
joint positions by potertiometers( 10 kQ/turn }, which is
very important in establishing stiffness controller{3]. The
servo rate for each tendon tension controller is 360Hz and
torque control or Ligh level control loop runs at 801z, All
the control programs are written in C language and a few
68030 assembly code. They are developed on a worksta-
tion in UNIX environment using a commercial realtime
software development tool of VRT Xvelocity[14].

4 Tension and Torque Control

Motor torque command is generated proportional to ten-
don tension error and velocity feedback s added to give
stable motor torque control. The frictions at reducer,
tendon, pulley and motors are compensated by the in-
tegral feedback with feedforward friction compensation.
Also, lead compensator is added to remove sluggish sys-

tem behavior. The actuator torque is computed by

T o= r (Kr(fa = fa) 4 fat Ko [(Fa= £,)d06)
+I(D(éd — 9,") + sign(é,,.) V4 Tiead o

where,
fa ¢ desired tension
I : measured tension
r : pulley radius
9, : destred motor velocity
9,,. : measurcd motor velocity
Kr : tension force gain
K : Lension integral gain
Kp : velocity feedback gain
Vy : motor static friction voltage
T : actuator lorque connnand
Tlead : torque from lead compensator

Joiut torque controller is composed of PI and feed-
forward torque. 1t is reconstructed by measured tension
according to the tension and torque relation( it is formu-
lated in following Eq. (9) ) and the joint torque feedback

control is accomplished. The joint torque command can
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be written by

Tm br, (7)
Temd = TaF I(((Td - Tm) + I(,‘/(T,[ - Tm)dl 1(8)

where,
Tom : measured joint torque
Temd : joint torqite command
K, : torgue proportional gain
I ¢ torque integral gain
D . cocflicient matrix of tension and torque
T : measured tension vector.

Joinl torques are exerted by coordinating a set of ten-
sion controllers. Although the coordination of tension is
a kind of redundancy resolution problem, in actual im-
plementations, we need a fast and simple algorithm. The

relationship between the joint torque 7 and tension f is
represented in a matrix form as

Temd = ny (Q)

where . T

Th } and f = { N fan } are
the joint torque and tendon tension[d]. D € R"**" is the
constant coeflicient matrix whose elements consist of the

Temd = { L5

pulley radius r. The matrix D describes the geometric
features of the coupled tendon driven mechanism and the
index finger has the matrix D as

r o~r —r r v -r
D=0 0 r —r —r r (10)
0 0 0 0 r —r

By the principle of virtual work, the joint displace-
ment 68 and tendon displacement éx are related as

bz =D766. ()

A simplest way to implement the redundancy resolution

problem can be written by

f=D+Tcmd+[I’D+I)]fgv (]2)
where f_ is arbitrary tension vector balanced internally

and D* is the pseudoinverse of matrix D, which is writ-
ten by

Dt =D"(DD™). (13)

Becanse the tendon can only exerts traction {orces, the
pseudoinverse solution can not be applied to the ten-
sion control loop directly. The tractional force constraint
yields,

2 fan >0, (14

where f,,;x 1s the minimum traction forces for cach ten-
don. In our hand, there is no torque variation if we in-

crease all the tensions equally duc to the symmetrical
tendon routing. Therefore, we can develop an algotithm
to get tensions satisfying the Eq. (9) and constraints si

multancously. It is coded as follows:

compute f = D¥ 1 .4

Find Jimin where i =0,-.-2n
for 7=0to2n{
If fl'vm'n < f’\”N

fi =T+ {ain — fimin)
Else  fi=],

}

5 Fingertip Stiffness Control

Under the virtual stiffness concept, the fingertip can be
replaced by a set of generalized virtual springs K, ( in
planer case, K, € 22 ){7, 11]. The problem is how
to control the joint servo stilfness to generate a desired
virtual fingertip stiffness. In the case of the thumb, joint
stiflfness can be obtained via Active Stiffucss Controf{1},
where the virtual fingertip stiffness Ky, is mapped to the
joiut as follows: '

Ky, = JZ;I(ttho- (15)

where

K 0, joint stiffness of the thumb
Ky fingertip virtual stiffness of the thumb
Jio: finger Jacobian of the thumb.

However, the index finger which has a redundant de-
gree of freedom can not be controlled by this method.
The Orthogonal Decomposition Conlrol can overcomes
this problem by actively controlling the null stiffness of
the rednndant finger[13]. When the virtual fingertip stifl-
ness of the index finger K, is given, there are infinite
number of index joint stiffness K, satislying the given
virtual stiffness. Tor a positive definite stiffnesss K.,
if we apply active stiflness control law, K, is always
singular when there is a redundancy. That is, K, is
positive semi-definite and has the same number of zero
eigenvalucs as the degree of redundancy. The positive
semidefinite stiffuess matrix causes the instability of the
finger configuration. The problem, therefore, is to derive
a non-singnlar I€;5, € RV satisfying the given syminet-
ric positive definite virtual stilfness I, € R2X2,

Let the positive semidefinite joint stiffness matrix
K g, which is obtained by active stiffness control. By

the use of similarity transforin, we can obtain a diagonal

matrix A, as follows.

A, = M"K.M (16)
Ay 00

= [0 A 0 (17)
0 0 Ay

— 187 —



where the columns of the orthogonal matrix M(M ™! =
MT) are the eigenvectors corresponding to eigenvalues
A1, A2 and A3 of Kiq,, respectively and

MZAZA=0 (18)

If we shift A3 to an arbitrary positive value, the orthog-
onal matrix M remains the same, which enables us to
construct a new non-singular joint stiflness matrix Kyq,.
How to determine A3 is important in the view of the grasp
stability as the additional stiffness induced from internal
forces affects the eflective overall joint stiffuess of the
finger[7}. The safest way to preserve the grasp stability
is to take mean value of the other eigenvalue as {ollows.

_ ALt A
) 2
A new positive definite stilfness matrix K, is defined as

A3 (19)

A = A, + Ay (20)
MTK o, M + X1, (21)
where
Ay = A31, (22)
and
000
In=10 0 0 (23)
001

Thercfore, the matrix Ay is always orthogonal to the ma-
trix A,. The new positive definite joint stiffness matrix
K is obtained by

Ky = MAMT (24)
= JTuK . Jiw+ XS (25)
= Kip+ Kipn (26)
where
S = MI,MT (27)
Ky, = JTuK i\ Jis (28)
K, = XS (29)

The matrix S enables us Lo assign a new nonzero eigen-
value Az in the direction perpendicular to the hyperplane
in which K4, lies. The A3 determines the magnitude of
the null motion stiffness in the direction of redundancy,
which correspond to the last eigenvector of matrix M.

Using this scheme, we can control the index finger and
Fig. 4 shows the fingertip stiffness control performance of
the index finger. Ilere, the virtual displacement means
the commanded displacement of the fingertip. In the
experiment, the fingertip contacts on a single axis force
sensor. Though there can be no displacement, due to the
fingertip stiffuess effect, the force sensor reads forces as
much as the virtual displacement times fingertlip stilfness.

6 Object Stiffness Control

The ultimate goal of stiffness control of a hand is to gen-
erate desired stiflness for a grasped object at a given ob-
ject coordinate. First, we assume that the contact is a
hard point contact with friction and thus, the contact
point is not changed. Also, the grasp force is assumed to
be determined by an adequate contact {orce distribution
algorithm. According to the previous works{7, 10], The
object stifTness is related to the fingertip stiffness as:

m

K,=Y JTK.J;+AK,, (30)
i=1
where
K, : object stiffness
h : Jacobian from object to fingertip
K., : fingertip stiffness of - th finger
m : number of fingers

“Also, AK, is an additional stiffness caused by grasping

forces. The additional stiffness contributes only to the
rotational stiffness and it should be considered in stiffness
control because it may caus the object unstable as the
grasp forces increase. As it is not controllable stiffness

assuming that the fingertip forces are predetermined, the
problemn is how to control the fingertip virtnal stiffness,
which is another topic to be discussed. In this paper, we
follow the fingertip stiffness synthesis procedure proposed
by Kaneko[t1]. The proposed controllers from tendon
level to object stilfness level are constructed hierachically
and summarized as shown in Fig. 5.

Through the experiments, we demonstrate contact
tasks can be accomplished successfully. The object is
commanded to track a given circular trajectory of a
20mm radius and to remove the inertia eflect, a quasi-
static motion is commanded. The grasped object encoun-
ters a rigid wall( actually, it is a single axis force $ensor
) at a given position as in Fig. 6. When the object con-
tacts with the wall, it behaves like a spring and comes
to exert the force proportional to the depressed desired
path. The stiffness of the object is given by

500 0 0
K, = | 0 50 0 (31)
0 0 10

where the unit of translation stilfness is N/m and that
of rotational stiffness is N/m/radian. The performance
of contact motion can be found in Figs. 7 and 8. We
can find the depressed path and the mecasured forces are
proportional and morcover, approximately equal to the
given object stiffness.

7 Conclusion

Design and control procediires of the POSTECH iland
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adopting coupled tendon driven method is developed and
experimentally verified. We propose the global crite-
rion function of design, namely Cooperative Weighted
Workspace and Cooperative Average Derterity.  Using

these measures, we determine the kinematic parameters

of the hand. The hand coutroller is constructed by hierar-.

chical subcontrollers from the tension to the object level.
Also, a new redundant finger controller called the Orthog-
onal Decomposition Conirol, is proposed to overcome {he
limit of conventional stiffness controller. Throngh exper-
iments, we demonstrate that the proposed hardware con-
figuration and the control mcthods are feasible to control
general types of multi-fingered hand including redundant
joints.
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Figure 1: Two fingered hand model
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Figure 2: POSTECH two-fingered robot hand
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