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Abstract

In this paper, a systematic methodology for the dynamic analysis of tendon-driven robotic mechanisms
with compliant tendons is presented. The compliance of tendons and inertias of the intermediate links in the
mechanism are taken into account. Representing the tendon force by use of a rectifying operator, the
unidirectional force transmission characteristic of tendons can be preserved. The dynamic equations can
then be systematically established in a recursive manner using the Newton—Euler equations. The joint
reaction forces and the tension in each segment of tendon can be also obtained. The methodology can be
applied to both endless and open-ended tendon-driven robotic mechanisms.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

For decades, the robotic manipulators using tendon transmission have attracted researchers for
applications in many areas such as the design of dexterous mechanical hands [1,2], parallel cable-
suspended manipulators [3,4], teleoperating robots, etc. A unique characteristic associated with
the robotic manipulator using tendon transmission lies in that tendons can only exert tension, i.e.,
force is only transmitted in a unidirectional sense. As a result, it increases the complexity in the
control of such mechanical systems. The problem can be further complicated by friction and
compliance embedded in the tendons and/or inertia of the extra components used in the systems.
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Nomenclature

Cij damping ratio of the tendon connecting link i and j

'F; inertia force of link i with respect to frame i

f;;.1 force acting on link 7 by link i — 1 at joint i

ki stiffness of the tendon connecting link i and j

‘N;  inertia moment of link / with respect to frame i

‘n;;-; moment acting on link i by link i — 1 at joint i

O, origin of the ith coordinate system

'pi;1 position vector defined from O,_; to O;

Pic position vector defined from mass center of link i to joint i

'R,_; rotation matrix, which transforms (i — 1)th coordinate system to ith coordinate sys-
tem

e position vector defined from O; to the mass center of link i

Tieir1 position vector defined from the mass center of link i to joint i + 1
r;  position vector defined from the mass center of link 7 to joint j

T i position vector defined from joint i to the mesh point of the tendon
i the kth tendon-force acting on link i with respect to frame i

toim  pretension of mth tendon acting on link i

iy velocity of the origin O;

v, velocity of the center of mass of link i

Bix wrapping angle of link ; mounted on pulley-pair (j, k)

0;;-1 angular displacement between link 7 and link 7 — 1

‘o, angular velocity of link i

Therefore, it would be useful to research on the development of an analytical model that can
account for a number of their realistic properties, such as tendon compliance, link inertia, and/or
joint friction in order to produce predictions that are important for design. Also, it can provide
the means for the engineer to realize the performance of such mechanical systems for future
extent.

A number of analytic modeling methods for tendon-driven systems have been proposed and
studied. The kinematics and statics of articulated tendon-driven robotic mechanisms have been
investigated by Morecki et al. [5], Salisbury [1] and Tsai and Lee [6]. Ideal tendons with no
compliance were used in their studies. Hollars and Cannon [7] experimented on the control of a
two-link manipulator with flexible tendons. They concluded that the flexibility in drive trains has
a significant influence on the fine position control of the tendon-driven system. Chang [8] used the
stiffness constant to represent the stiffness of tendons and studied the compliance of tendon-driven
robotic mechanisms. Prisco and Bergamasco [9] derived the dynamics of a type (2N) of multi-
degree-of-freedom (multi-DOF) tendon-driven manipulators, which the structure Utah-MIT
hand [2] belongs to. On the other hand, there is also some literature investigating on the per-
formance of single-DOF tendon devices [10,11] of which the kinematic structure is less coupled
than that of the multi-DOF system.
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In this paper, a systematic methodology for generating the dynamic model of robotic mecha-
nisms with compliant tendons is presented. A model is first developed for representing the uni-
directional force transmission characteristic of tendons. The resulting representation is then
combined with the Newton—Euler algorithm to generate the system dynamic equations. The
procedure is shown by the application of the method to a two-link tendon-driven robotic ma-
nipulator and a one-DOF manipulator equipped with a simple servo-control. The results show
that the unique characteristic of tendon transmission can be preserved in the modeling. They also
show that the modeling will be degraded if the compliance associated with position control is not
properly managed.

2. Assumptions

In [6], some general assumptions about the structural characteristics have been introduced for
the kinematic and static analysis of tendon-driven manipulators. To adapt to the scope of dy-
namic analysis, the following assumptions for tendon-driven manipulators are considered:

(I) All tendons are under tension. The amount of stretch in tendon is small and linearly propor-

tional to the tendon force.

(IT) No slippage occurs between pulleys and tendons.

(IIT) Tendons are lightweight such that the weight/inertia, flexural bending, and shear effects of
tendons will not be considered.

(IV) For sakes of clarity and simplicity, the frictions in the pulley bearings and other moving
parts of the transmission are not included. Nevertheless, these terms may be added in the
modeling where the force control is important.

Tendon drives can generally be classified into two types of routing [6,12] as (1) the open-ended
type and (2) the endless type of routing. In the open-ended tendon routing, as shown in Fig. 1a,
one end of the tendon is fixed to a moving link to be controlled while the other end is attached to a
driving actuator. From the moving link to the driving actuator, each tendon routing forms a
transmission line. A unique characteristic of such open-ended tendon drives is that tendons
transmit the forces in a unidirectional sense. On the other hand, the routing of the endless tendons
is shown in Fig. 1b in which two pulleys of constant center distance are wrapped around by an
endless tendon. The driven pulley is attached to a link to be controlled and the driving pulley is
installed on a rotary actuator or fixed to a driven pulley of prior pulley train stage. From the
driven link to the driving actuator, the tendon-and-pulley also forms a transmission line. In an
endless tendon drive, the pulley can be driven in both directions. One side of the tendon will be
under higher tension while the other side is under lower tension.

It can be noted that after the removal of tendons and intermediate/idle pulleys, the tendon-
driven robotic mechanism becomes a serial type open-loop chain. We call the links that constitute
the open-loop chain as the primary links, and all other links as the intermediate links. An in-
termediate link is said to be carried by a primary link i if it is connected to link i by a revolute
joint. As shown in Fig. 1a, links 0, 1, 2 and 3 are the primary links, and links 4, 5 are the in-
termediate links. Intermediate links 4 and 5 are carried by the primary link 1.
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Fig. 1. (a) Open-ended type and (b) endless type tendon routing.

3. Kinematics
3.1. Kinematics of primary links

To facilitate the analysis, each primary link from the base to the distal link is sequentially
numbered from 0 to n. Meanwhile, a local coordinate system (x;, y;, z;) is attached to the distal
joint of link i according to the Denavit and Hartenberg (D-H) convention [13]. Let 6,; ; be the
joint angle from x;_; axis to x; axis, a;;_; and o;;_; be the offset distance and the twist angle be-
tween z;_; and z; axes, and d;;_; be the translational distance measured from x;_; axis to x; axis
along z; | axis. Then, the matrix transforming the ith coordinate to the (i — 1)th coordinate can be
written as

Cei,ifl _Cfxi,iflSHi,ifl Sai,iflsei,ifl aii—1 Cei,ifl

Sgi.,ifl Cai,ifl Cgi,ifl _Sai,ifl CGi,i—l ai,iflsei,ifl (1>
0 So i C‘xz}i—l dz}i—l
0 0 0 1

i_lAA—
=

where CG,‘y,;l = COS(Bi’lpl), SQ,’_],;l = Sin(9,’,,-,1), COC,‘_],;l = COS(M;‘_],;l), and SOCi"l;l = Sin(OCi,ifl).
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The velocities and accelerations of the primary links can be derived from the forward recursive
method [14], computing from the proximal moving link toward the end-effector link, as

‘w; =R (i_lwi—l + 9‘1‘75711._11571) (2)
‘w; = iRifl(i_ld)ifl + éi,ifli_lzifl + "l x éi,ifli_lzi—l) (3)
Vi =R iy + o x ipi,i,l (4)
Wi ="@; X ipi,i—l + iRifli_l‘.'ifl +'o; X (iwi X ipi,i—l) (5)
Vie = '@; X e + Vi +'0; x (o; x ') (6)

where w; is the angular velocity vector of link i, v; is the velocity vector of the origin O;, v,. is the
velocity of the center of mass of link i, r;. is the position vector defined from the mass center of
link i to O;, 'z, = [0,0, I]T is a unit vector defined along the z,_; axis, ‘R,_; is the transpose of
the upper left 3x 3 sub-matrix of "~'A;, and ‘p;,_, is the vector as

iPi,i71 = a1, dii 1801, d;;1 Coci,ifl}T (7)

3.2. Kinematics of intermediate links

A local coordinate system (x;, y;, z;) is defined for each intermediate link according to the D-H
convention. Consider an intermediate link j located on the primary link i, the coordinate trans-
formation matrix from the jth coordinate system to the ith coordinate is given by

ng,i —COCjAl'SQjJ SOCjﬁl'SQJ"i aj,,-CQj’,-
iB' . SQ]J COCJ‘A’,‘CHJ‘J —SOCJ‘A’,‘CQJ‘J aj’,‘SGj’i (8)
S 0 SO(_N‘ COCJ'A’[ dm

0 0 0 1

Suppose links 7, j, and k are coaxial. Then, the relative motion among these links can be related
by the coaxial condition [6] as

Oig = 0,4 0,4 9)

The velocity and acceleration of intermediate link j can be also obtained by modifying Egs. (2)-
(6) as

o, ='Q/w; + 0,z (10)
o, ='Q}'w; + 0,/2; +/Q/w; x 0,/2; (11)
N =7Q/vi +7w; xp;; (12)
Ny ="a; x'p,, +/QVi +7Q/w; x (w; x'p,;) (13)
N =7Q/d; x ('p,; +71e) +7QV: +/Q/ 0 X Q/w; x ('p,; +7rc)] (14)

where /Q, is the transpose of the upper left 3 x3 submatrix of ‘B, r;. is the position vector defined
from mass center of links j to O;, and /p;; can be written as



1436 Y.-H. Lee, J.-J. Lee | Mechanism and Machine Theory 38 (2003) 1431-1447

: T
D= aj, diiSeyi, d;iCay) (15)

4. Modeling of the unidirectional force in tendon

A number of models for the dynamics of tendon-driven robotic manipulators with elastic
tendons have been developed [7,8,15]. In the models, the elastic tendon connecting two pulleys is
represented by a linear spring. Since linear springs can exert tensile as well as compressive force,
therefore, modeling the tendon with linear spring will inevitably be biased from the realistic
characteristics of tendon. In this work, a method for modeling the unidirectional force in the
tendon is proposed. The method utilizes the rectifying concept that was used by Jacobsen et al. [2]
and Lee and Tsai [16]. Jacobsen et al. ever used a rectifying operator to transform the joint torque
space into tendon force (or motor torque) space for the Utah—MIT dexterous hand. Lee and Tsai
further extended the concept to motor torque analysis for the n x (n + 1) tendon-driven systems.
In what follows, the basic principle of such concept will be first introduced. Then, the procedure of
the application for the tendon force analysis will be developed. Let the operator O™ (x) be defined
as

s Jx, x=0

O(x)—{o, x<0 (16)
where x is a dummy variable. The function of O™ (x) can be plotted graphically as shown in Fig. 2.
Also, O" (x) can be written as

07 (x) = (x + |x[)/2 (17)

It can be noted that O™ (x) returns its value only when the argument is positive. Otherwise, O™ (x)
gives zero value.

Fig. 3 shows the planar schematic of a simple tendon-and-pulley pair, where link £ is the carrier
and links i and j are the two pulleys. Pulley i and j are coupled by a flexible tendon having the
spring constant k;; and damping coefficient ¢;;. If the positive rotation of pulley is defined as the
pulley rotates counterclockwise, then, for small angular rotations of the pulleys, the magnitude of
tendon force, #;; can be written as

tIJ = O+[t0_i7j — k,»,j(riei,k — erj,k) - ci,j(riéi,k — I"jejk)] (183)

0'(X)

»X

0

Fig. 2. Function of O (x).
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ki,j Cij

0;.x éj,k Oik 61k

Fig. 3. A parallel-type routing pulley pair.

where ¢, ; is the amount of pretension that is initially set in the tendon. The physical meaning of
Eq. (18a) can be readily seen from Fig. 3. If the value in the square bracket is greater than zero,
then the tendon is under tension and the operator returns the value. On the other hand, if the
value in the square bracket is less than zero, ¢;; is equal to zero and the tendon becomes slack.
Therefore, the equation implies that the tendon force can be transmitted only when the relative
displacement between two pulleys causes tendon under tension. In general, to satisfy different
types of pair connections, Eq. (18a) can be rewritten as

tij = O [t0,) % kiyriOhs £ kijriOys £ ciyribix £ cijrib] (18b)
where the * sign of each term is to be determined by the tendon routing topology. The sign is
positive if the pulley tends to pull tendon from the other end; otherwise, it is negative.

4.1. Tendon forces analysis

Since each transmission line begins from the primary link and ends at the link driven by the
rotary actuator, the tendon may route through one or more intermediate links. Consider the
intermediate link j on the distal joint of a primary link 7/ — 1 as shown in Fig. 4. Let the carrier of
the pulley pair (j,j + 1) be the primary link i, and the carrier of the pulley pair (j,j — 1) be the
primary link 7 — 1. Also, let the portion of the tendon connecting the intermediate links j and j + 1
be t;;i, and the other portion connecting links j and j — 1 be t;,_;.

For a general tendon—pulley pair, the tendon will engage with the pulley at a constant direction
with respect to the carrier. In addition, for the pulley to run in both directions, the direction of

G+t

Primary link i-1

Fig. 4. A typical intermediate link j carried by a primary link i — 1.
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tendon acting on the pulley should be tangential to the pitch circle of the pulley plane. As shown
in Fig. 4, define the radius vectorr;;,; of tendon t; ;;, as the vector from the axis of rotation to the
tangent point, and the wrapping angle f8; ;. as the angle measured from the x-axis of coordinate
system on link i to the radius vector in a right-hand rule direction. Note that in the spatial case,
the x-axis is defined by the coordinate systems of the pulley j and link i according to the D-H
method. Similarly, the radius vector, r;;|, and the wrapping angle, f8;;_;, for tendon t;; | can be
defined in the (i — 1)th system. The radii vectors and tendon forces are summarized as

Tt = 'Giot - [15CBy 1SBi b ]’ (19a)
T = [5CB rSBy b ]’ (19b)
et = Gt Wit (20a)
Ty =t Ty (20b)

where 7; is the radius of link j, b;,;, is the distance measured from origin O; to the center of pulley
j along z;, b;;_; is the distance measured from origin O,_; to the center of pulley j along z;_y, ¢, 1
and ¢;;_; are respectively the magnitudes of t;;; and t;,_;, which can be formulated form Eq.
(18b). Vectors ‘u; ;1 and “~'u;;_; are respectively the unit vectors of ‘t;;,; and "'t;;_; and can be
written as

=Gy [=SB +CBa 0] (20¢)
g = [+5B0 ~Chya 0] (20d)
The transformation matrix ‘G;_; is defined as:
1 0 0
‘G = |0 Cojjy Sog (21)

0 _Sai,ifl Cai,ifl

where o;;_;, defined in D-H notation, is the twist angles between the z; and z; axes.
The tendon forces can be transformed to the jth coordinate system on link j by multiplying a
suitable rotational matrix /R;_;.

g1 ="Ri't;j (22a)
1t]],1 — jRi,]iiltj"jfl (22b)

5. Dynamic analysis

For a given mechanism, the force and moments exerted by different links on each other can be
determined via Newton and Euler’s equations. While solving the dynamics using Newton and
Euler’s equations, three force- and three moment-balance equations can be established for each
link of the mechanism. To solve the simultaneous equations in an efficient way, rather than
solving all the unknowns simultaneously, one tries to solve them in a recursive manner. The joint
forces will first be expressed in the state of motions, and then the state of motions will be obtained
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by solving the differential equations. After the state of motions is solved, the joint forces can then
be determined by back substituting the tendon forces into the balance equations.

5.1. Dynamics of primary links

Fig. 5 shows the free body diagram of a primary link ; which connects to link (i — 1) at joint
(i — 1) and link (i 4+ 1) at joint i. Assume that primary link i is driven by an mth tendon (or more).
The force and moment balance equations for link i can be represented in the following recursive
forms:

N . . ) ) i
F, =", 1+ + g O (to,im £ kimri0i i1 £ ki ¥ O i1 £ Cimi0iim1 £ CinlmOmio1) Wi
m

B Z if, (23a)
J
and
iNf =y | +'my + ipic X ifi,ifl + i1 X ifi,i+1 + Z ini,j — Z([ric,j X ifj,i)
J J

+ Z[(iri,m + ipic) X O+ (tO,i,m + ki,mrigi,ifl + ki,mrmgm,ifl + Ci,mriéi,ifl + ci,mrmém,ifl)iui,m]

(23b)

where ‘u;,, is the unit vector of t;,, acting on link i. The vector w;,, can be determined from Egs.
(20c) and (20d). 'F; and ‘N are the inertia force and moment vectors of primary link 7, and can be
obtained as:

p—— (24a)
INT = CIl-i(.l)l- + iwi X (Cliiwi) (24b)

where m; is the mass of link i, and “I; is the inertia tensor of link i with respect to a center of mass
coordinate system, which has the same orientation as the ith coordinate system.

The vector terms in Eqgs. (23a) and (23b), f;,;; and n;;;;, are computed from the balance
equations of the preceding link while f;; and n;; are the forces and moments from intermediate
links. For the end-effector link, these vectors represent the end-effector output force and moment.
The other unknown terms: f;; 1, n;;1, 0,;_1, and 0,,;; always constitute more than six scalar
unknowns. Hence they cannot be solved one link at a time.

Ci,m

Fig. 5. A typical primary link i.
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5.2. Dynamics of intermediate links

Referring to Fig. 6 the intermediate link ; is located on link 7, the force and moment balance
equations for an intermediate link j can be written as

e . . .
F; ="M+ O (tojm £ kjtj0i £ KjmtmOni & im0 £ CjontnOm i) Wi
. .
+0 (tO,j,erl + kj,m+1”'j0j,i+l =+ kj,m+1’”m+l 9m+1,i+1 + C/,m+1rj0j,i+l

+ Cj,m+1rm+10m+1,i+l)juj,m+1 (253)
and

NG ="ny; +7pj. x 1+ (0w +7psc)
. . . 4 A
X O (t(),j,m + kl‘mr,H/‘l + kj’ml"mem‘i + Cj"mrjej’i + C’_/‘m,r'mem’,’)juj’m + (jrj‘er] + /pjc)
N )
X O (tojmr1 £ kjme17i0 001 £ kjpms 1P 1 Ot i1 £ € my1750)1

€t 1P mi1 Ot 41 ) Wy i (25b)

where /u;,, and ‘u;,,, are the unit vectors of t;,, and t; | acting on link j, and can be determined
from Egs. (20c) and (20d). ij and fNj‘ are the inertia force and moment of link ;, and can be
computed similarly by Eqgs. (24a) and (24b).

The tendon force ¢;;,; in Eqgs. (25a) and (25b) can be computed form the moment balance
equation of the upper level intermediate link. Once the joint forces and the moment of upper level
links are solved, the unknown forces and moments in Egs. (25a) and (25b) can be solved asso-
ciated with the unknown forces and moments in the primary link. We also note that any vector
defined in its local coordinate system on the intermediate link can be related to the coordinate
system of its corresponding primary link by (19), (20) and (22).

We have derived the basic equations for the dynamic analysis of articulated, tendon-driven
robotic mechanisms. The derivation of dynamic equations of the articulated, tendon-driven ro-
botic devices will be described. Two examples will be used for illustration.

Fig. 6. A typical intermediate link ;.
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6. Examples
6.1. Example 1. A Robotic manipulator driven by flexible tendons

Fig. 7 shows a two-jointed, four-link robotic manipulator driven by three open-ended tendons.
The tendons are spooled to the motors located at the base link 0. In this system, each segment of
tendon between two rigid links is flexible with certain spring constant and damping coefficient.
The vectors required for the kinematics are summarized in Table 1, while the vectors for the
tendon forces are in Tables 2 and 3.

Thus, the force and moment balance equations for each link can be derived from Egs. (23a),
(23b), (25a) and (25b) as

Motor 7 (a)

Yo,y3,y4

Fig. 7. (a) A robotic manipulator driven by flexible tendons and (b) kinematics of (a).

Table 1
Kinematics of the robotic mechanism in Example 1
P = [—(a; —51),0,0]", 2Py = [~ (a2 — 55),0,0]", 3Ps. = [0,0,0]"

ld)l = [0 0 éI,O]T’ li’lc = [(Sl - al)é?,() (01 _Sl)él,o O]T
. B T —a1C9271_Q.i0 + (11S62_1.9.1,0 + (S2 - (12)(?1'0 + ?2,1)2
2(bZ = [O 0 01,0 + 02,1 ] s li’Zc = a1C921101,0 + ll]Sszleio + (a2 — sz)(leo + 92,1)
0
oy =10 0 és.o]Ta 33, =10 0 O]T

Yy =10 0 bu0]" ae=1[0 0 0]"
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Table 2
The magnitudes of tendon forces for Example 1

hy=0" [t023 — ko3 (12021 + 13051) — Cz.s("zQz,l + 73‘?3,1)}
tha = O to2a + koa(r2021 — rabs1) + c24(r2021 — r464y)]
tiy =07 [t032 — k32 (r2021 +1303)) — C3,2("262.1 + ”363,1)}
tig = O" [to36 + k3 6(r3030 + r6bs0) + C3.6(V39_3,0 + roee,o)}
tay = O toan + kan(r2021 — rabsy) + can(ra0a — r4bay)]

( ) ( )]

( ) ( )l

t47 =07 [t047 + ka7 (raOsp + r1070) + caz V4Q4.0 + ”767,0
Ls= O+[to,1,5 — ki 5(r019 — rs50s0) — c15(r1010 — 15059

Table 3
The unit vectors of tendon forces for Example 1
w3 =Ry -[=SPs Chs 0]1 "Wy =Ry - [SPrs —CPhhy 0]1
Sus, =Ry - [—SBy, CPyy 0] ‘w6 =Ry [SPrs —Chag O]T
4u4,2 = 4R1 : [—Sﬁ4,2 Cﬁu 0} 4ll4.7 = 4Ro ' [Sﬁ4.7 —Cﬁ4.7 0]
0]

=]

'ws="Ry-[—SBis CBis 0]"
Link 2
fr+ts+ts=F (26a)
Poe X Fo1 4 (23 +Pye) X o3+ (s + Pye) X g =N, (26b)
Link 3
f30+to+ts6 = F; (26¢)
Pse X f30 4 (132 +P3.) X 32+ (136 + Ps.) X t36 = N; (26d)
Link 4
foo+tia+ty =F, (26¢)
Pac X fa0 4 (rap +Pge) X tan + (ra7 +py) X ta7 =N (26f)
Link 1
fio+tis =F +1 (26g)
P X fio+ (ris+p.) X tis =Nj+1100 X2 (26h)

Expressing the force f; in Eq. (26a) in terms of tendon forces and substituting into Eq. (26b), the
moment balance equation of link 2 could be obtained as:

12(9.],0 + ézﬁ]) = —m2(a2 — SQ)[LH (Sez’]éio + C92719.170) + (az — Sz)(éh() + é;])]
+ 1”2{0+[fo.2,3 —ka3(ra021 — r3(019 — 0s9)) — 02,3(7”292,1 - 73(91,0 — 93,0))]

— O+[fo,2,4 + ra(kpabay + 02,392,1) + r4(k24(019 — O49) + 02,3(91,0 — 94,0))]}
(27)
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Similarly, the moment balance equations of links 3, 4, and 1 could be respectively obtained as:
1353,0 = 1”3{O+[fo,3,2 - k3,2(1”292.1 - 7’3(91,0 - 93.0)) - 03‘2(”29'2,1 - 1’3(91,0 - 93,0))]
- O+[[0A3.6 + ks (3030 + r6060) + 03,6(’”393,0 + r696.0)]} (28)
149.40 = 13{O [toa2 + ka2(r2021 + r4(019 — Os9)) + C4,2(7292,1 + 74(91,0 - 94,0))]
— O™ [to47 + ka7 (ra0a0 + 11070) + ca7(rabso + r1070)]} (29)
L010 = —(r2 +13)0" [to23 — kaa(r2021 — r3(010 — 030)) — c23(r202,1 — 3(010 — 030))]
+ (r — ”4)O+[10,2,4 + ko a(ra0n1 +r4(010 — Oa9)) + 02,4(1”29.24 + F4(91.o - 94,0))]
+ 10" [to1,5 + ki s(—r09 + rs0s0) + 01,5(—F191,0 + rsés,o)] — a%(ml + mZ)él,O
— mIS%éI.O + a; {zmlslél,o + my(ay — s2) 592,1(91,0 + 92,1)2 — CQZ,I(él,O

n 9'271)]} (30)

Egs. (27)—(30) are the equations of motion of the system. Once the equations of motion are solved,
the tension in each segment of tendon can be calculated via the equations in Table 2.

6.2. Example 2. Control of the one-DOF manipulator driven by two actuators

In this example, a one-DOF device is used to demonstrate the difference in control performance
with and without the O operator acting on the tendons. As shown in Fig. 8, the one-DOF
manipulator is driven by two flexible tendons spooled to the actuators on the ground. A simple
“PD feedback” control technique is implemented for controlling the manipulator. Following the
same procedure illustrated in Example 1, the dynamic equation can be concluded as:

Fig. 8. One-DOF manipulator driven by two actuators.

+ B0 830

0 d PD controller > Plant
— 020
850, 93.0

Fig. 9. Block diagram of the PD control system.
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1353,0 = —r30%[tos1 + K;,1 (13030 — 71010) + C3,1(V393,0 — rlél,o)]
+ "30+ [10,3,2 - K3,2(V393,0 - ”292,0) - C3,2(V393,o - rzéz,o)] (31)

and the inputs are designed as

010 =Kp(0, — 059) +KD(9d - 93,0) (32)

020 = Kp(0s — 059) +KD(9d - 93,0) (33)

Fig. 9 shows the block diagram of the control system. The designed output of 03 is a sinusoidal
function sin(¢). The dynamic system is simulated and the results are shown as follows.

Fig. 10 shows the motion responses of the output with and without the rectifier Ot in the
dynamic equation. The results of the outputs will depend on the stiffness of tendon as well as
the proportional and derivative gains tuned for the controller. The higher the stiffness of ten-
dons is, the more similar outputs of the two models become. The tendon force in each tendon is
also plotted in Fig. 1la and b where the pretension ¢, is set to 0.5 N. It can be seen that
negative values appears in the tendon force curves for the system without the rectifier O" in the
equation. This result does not comply with the force transmission characteristics of tendons.
Thus, if the tendon force is required for the force control simulation, there may cause errors for
the results.

To compare the performance of the system under different pretension, the system is simulated
with 1, = 0.5 N and 3.5 N. Fig. 12 shows the motion response of the output while Figs. 13 and 14
show the responses of tension in tendons. Comparing the tendon force curves shown in Figs. 13
and 14, it can be noted that the higher the pretension is, the stiffer the system becomes. Also, note
that the tendons with # = 0.5 N reached zero tension state during the operation. Thus, it can be
concluded that if pretensioning is not well managed, slackness may occur in tendons during
system modeling and results in errors. Therefore, the pretension of tendons may play an im-
portant role in the dynamic response of tendon-driven manipulators.

-
—03, with O~
L 05,0, without o*

® 3.0 (rad)

Time(s)

Fig. 10. Comparison of 03, with and without O™.
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— withO*
- —- without O*

Fy

1 — with O*
- — - without O"

2 1 5 8 0 12 ] 16 R
(b) Tirme(s)

Fig. 11. Comparison of tendon force (a) #;; and (b) #;, with and without O™.

| —630,6=05N
| ---93,0,'[0:3.5N

Time(s)

Fig. 12. Responses of 05 under different pretensions.
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| —t=05N
1 o tp=35N

tr=0.5N
-=-=-t=35N

2 4 6 8 10 12 14 16 18 20
Time(s)

Fig. 14. Responses of #;, with different pretensions.

7. Conclusion

A systematic methodology for the dynamic analysis of tendon-driven robotic mechanisms
with flexible tendons is developed. A novel representation of the tendon force is introduced.
The O operator is used to represent the force transmission characteristics of tendons. The
method subsequently uses the recursive algorithm to calculate the dynamics of links. Tendon
forces, reaction forces and compliance effects are all derived by the methods developed in this
research.

The performance of such system is also studied by implementing a PD controller onto the one-
DOF system. The results of the system output with and without the operator in the equation are
compared. It is also shown that the magnitude of pretension of tendons may play an important
role in the dynamic response of tendon-driven manipulators.
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