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Abstract

This two-year research is aimed to
investigate the dynamics and the control
algorithm of a special type of platform
mechanisms, in which tendons are used as
the actuators. In the first year, the dynamic
model of the tendon-driven platform
mechanism would be developed, and the
conditions of tendon redundancy and elastic
elements within the tendon also would be
investigated. The motion planning based on
the postion and velocity should be developed,
and tests on the experimental platform
mechanism will be performed. In the second
year, the more comprehensive algorithm
based on platform velocity will be the main
focuss, and the numerical simulation on the

dynamics of the platform mechanism will be
performed, and compared with the analytical
and experimental results. This research will
be helpful for the further understanding in its
fundamental theory, design, and applications
of this special type of platform mechanisms.

Keywor ds: tendon-driven,
platform-mechanism
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1 Introduction

Tendon-driven platform (TDP)
mechanisms are a special type of platform
mechanisms, in which tendons are used as
the actuators and the critical parts of the
mechanisms. The tendons, those flexible
mechanical elements such as wires, cables,
strings, etc., are used as physical constraints
to restrict the motion of the connected rigid
bodies and as intermediates to transfer forces
to the connected rigid bodies. There are
several applications of these novel
mechanisms [1~8], and the advantages of
TDP are: high capacity, low inertia, high
speed, large workspace and easy-to setup, etc.

A spatial TDP mechanism which is
actuated by eight tendons is shown in figure
I, where B and P are the connecting

points of the i-th tendon on the base and the
platform respectively.

Platform P
Tendon

3
[
Base B

Figure 1 A spatial tendon-driven platform

There have been studies on the kinematics,
force analysis and control of TDP, and most
analysis in the previous studies uses vector
calculation [6~11]. In the analysis of TDP’s,
due to the nature of the flexible tendon, it is
necessary to perform a detailed force analysis
along with the kinematic analysis for
determining the suitable working condition.

Yet, the two stages were not integrated in the
past. It is obvious that the motion and force
of a tendon can be better expressed as a
screw axis. Thus, a unified approach based
on screw axes representation of tendons for
establishing a general model for TDP’s is
proposed in this study. The kinematic and
force analysis, therefore, can be combined
and investigated as a whole more efficient
and simplified.

2 Screw Representation of a Tendon

2.1 General description of atendon

2.1.1 Direction of a tendon

The difference between the flexible
mechanical elements, tendons, and rigid links
are that the tendons can provide both
kinematical and force constraints, if, and only
if, the tendons are tight. Under this condition,
there are only tensions exerting on tendons.
Another characteristic of a tendon is tendons
can’t resist any external forces or couples
exert on them. According to these concepts,
the direction of a tendon could be defined as
the tension direction. If a tendon connects on
two rigid bodies and it is under tight
condition, the direction of tendon, as the
same as the tension exert on the tendon, is
point from one rigid body to another rigid
and vice verse. Therefore, the tension vector
of the i-th tendon connecting between base
and platform, can be expressed as in equation
(1) where f means the magnitude of the

tension and s means the direction of

tension which points from platform to base
relative to platform.

f=Ff03 (1)
2.1.2 Equivalent kinematic chain
transformation
Equivalent  kinematic = chain  (EKC)

transformation of a tendon is a general concept
that using the combination of rigid links and
joints to represent a tendon. An actuated tendon
which connects on two rigid bodies could be
represented as a prismatic joint connects two
rigid links where the other terminals of the



two links connect with rigid bodies by using
revolute joints in plane and spherical joints in
space, as shown in Figure 2.
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Figure 2 EKC transform of a tendon in space

2.2 Kinematic expression of a tendon

As a tendon is represented in the EKC
transformation, the screw representation of
the i-th tendon reference to a point P on the
platform can be expressed as in equations (2)

to (7) and shown as Figure 3, where $?U

denotes the unit screw associated with the
j-th joint of the i-th tendon [12,13].

Figure 3 Screw axes of joints of the i-th

tendons
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Neglect the passive joints and consider the

twist of the i-th tendon, the unit screw
expression of the i-th tendon is:

X!

2.3 Force expression of atendon

From the theory of reciprocal screws
[12,13] and equations (2)~(7), a screw that is
reciprocal to all the unactuated joint screws
of the i-th tendon reference to a point P can
be expressed as:

| S
= o | ©

Thus, the unit wrench of the i-th tendon
reference to a point P can also be expressed

$I'i - .
’ F)IXE

3 Kinematic Analysis of the Platform

(8)

(10)

3.1 Position analysis

The i-th tendon connects between base and
platform is shown in Figure 4. The closed
loop of position vectors could express as:

BOP =2 OP +* R,"PP, (11)
and then reduced to:

d =b -(OP+* R."(p)). (12)

According to equation (12), the unit
direction vector of a tendon could also be
derived as:
s=dffd @), (13)

where

B : the i-th connect point on the base,
P : the i-th connect point on the platform,
®x: a vector described in Base space,

Px: a vector described in Platform space,
d, : line vector of the i-th tendon,

® R, : platform rotation matrix relative to

base.



Figure 4 Position of base, platform and the
i-th tendons

3.2 Velocity analysis

The instantaneous twist of the platform can
be expressed via the joints screws of the i-th
tendon as:

P

=§i‘i§i,i +éfi§,i +§3fi§3,i +éﬁi§1,i +é;‘,i§5,i +é},i§56,i

(14)
where &, is the velocity variable of the j-th

5

joint of the i-th tendon, such as &, for

revolute joint and cﬁ‘, for prismatic joint.

The Jacobian of the i-th tendon, by
applying the theory of reciprocal screws,
could be shown as:

3% =3, &, (15)
and derived to:

.35 =& (16)
When all tendons are considered, the final

Jacobian is shown as:

3, 8= &, (17)
where
2 [ (pxs) s
5 o 8T (pxs) 8]
Y M M|’
&) [(pxs) s
J, =1 (nxn identity matrix),

:
R=w, @ @ V, V, V,]
the angular velocity and linear velocity of the

platform, and

a[& & L &]

the linear velocity of tendons.
The relationship between base-platform
space and actuator space can also be

expressed as equation (18) by rearranging

equation (17).
I &= &, (18)

where

s (pxs)

s' (p.xs) -

J,. = : , a (nX6) matrix,
M M
s (Pxs,)

T

& = |:Vpx pr VPZ C()x Q{/ a£:|
4 Force Analysis of the Platform

4.1 Dynamic equilibrium of the platform
In figure 5, a rigid body, the platform, is
specified with its center of gravity, and
exerted with n tensions, and gravity force.
With respect to its C.G., these n tensions are
transferred into a resultant external force and
a resultant couple in space, and the dynamic
equilibrium equation can be derived as:

Zn: f, =Ma-Mg-F,
i=1

; , (19
dpxf =t +wxH, -C, -R, xF,

i=1
where:
C.G. : center of gravity of the platform,
g: acceleration of gravity,
M : mass of the platform,
a: acceleration of the platform,
w: angular velocity of the platform,
f. : tension force,
p : distance from C.G. to the tension
applying point,
F.: resultant external force,
R, : distance from C.G. to the resultant

external force applying point,
C,: resultant couple,

H, : angular momentum about the C.G..



Figure 5 Forces and couple on the platform

Equation (19) could then be expressed in a
matrix form as:
fi
{ S s L s } f,
X X L X
Pxs P, xS IOnShf, (20)
_ Ma-Mg-F,
| ¥ +wxH, -C, -R, xF,

and presented in terms of tendon screws as:
f,

f2
8 8.0 8"
f . Q1)

n

_ Ma-Mg-F,
| ¥ +wxH, -C, -R, xF,

4.2 Static equilibrium of the platform
From equation (20), as the dynamic terms
are zero, the static equilibrium of the
platform can be shown as:
fi
fz _ -Mg
80 8]0 @
f

Both equation (20) and (21) can be expressed

as:

[Stlndzt s ={Flen (23)

where 7 1is the tendon force vector.

4.3 Necessary condition of afull controlled

TDP

The solution of tendon force, r , in
equation (22) can be solved via pseudo
inverse [14]:

r=S,F +(1 -8’ )K,, (24)
s, =s"(s;s7) . (25)
where the (I —S,*ST)K, term is the null

space of tendon forces, 7.

Because the tensions of tendons are
required to be maintained positive at all time
in order to hold the position and orientation
of the platform. The solutions of 7 in
equation (24) should be all greater than zero.

Thus, the components in the (I —ST*S,)K,

term in equation (24) must be all greater than
zero in order to achieve the tendon positive
tension condition. It is necessary to have an
all-positive null vector combination, in the
case, n>6. For this reason, a TDP is said to
be fully controlled only if the number of
tendons is greater then the mobility of the
platform, which means: n>6 in equation
(23). In the case of n<é6, the motion of
platform is not fully controlled, yet still
partially workable in some area and some
direction.

Under the fully controlled condition, the
solution of platform kinematics, X%, in
equation (17) could also be solved via pseudo
inverse:

£=3,"¢+(1-3,73,)K,, (26)
3°=(373,) 9, (27)

where the (I —J'X*J'X)K term is the null

X

space of tendon velocities, %. The solution
yields infinite solutions of »% yet the null

space is not necessarily all-positive.

5 Singularity Analysis

In some particular positions and
orientations of a platform, the Jacobian
matrix may lose its full rank and results in
the singular conditions. Under these
conditions, the platform may gain one or
more degree of freedom within its workspace,
and therefore loses its stiffness completely,
which means the platform is uncontrollable.
Another critical factor is that the tensions of
the tendons also affect the stiffness and
configuration of the platform. Therefore, the



kinematic singularity, kinetic singularity and
tension condition should be discussed in
details in order to determine the controllable
workspace of the TDPs.
5.1 Kinematic singularity analysis

The platform can possess infinitesimal
motion in some direction while all the tendon
displacements are completely unchanged
when the direct kinematic singularity occurs.
Under this condition, the platform may gain
one or more degree of freedom, but cannot
resist forces or moments in certain directions.
It happens when the Jacobian matrix loses its
rank.

For a full controlled TDP, the matrix J, is
a nx6 matrix in equation (17), and n>6;
therefore, the maximum rank of J, is 6. In

the case that rank[J,]<6, it is said J, loses
its rank and results in a kinematic singularity.

5.2 Kinetic singularity analysis

All the tensions of the tendons are
undetermined and the platform is
uncontrollable =~ when  the  kinematic
singularity occurs. It happens when the
matrix S; in equation (23) loses its rank.

For a full controlled TDP, the matrix S; is

a 6xn matrix, and the maximum rank of
S, 1s 6 since n>6. In the case that

rank[S;] <6, it is said that S; loses its rank

and results in a kinetic singularity.
Comparing equations (18) and (23), the
relationship between J', and S, is:

J, =S . (28)

It is clear that the kinematic singularity and
kinetic singular will happen at the same time.
Thus, only one of the rank of matrix J', or
S;1s needed to be check to determine the
singularity.

Another important issue in the force
analysis is that the null space of r in
equation (24) should be positive all time to
consist with the tension condition of tendons.
If some components in 7 are negative, it
means the forces on the tendons are not
tensive force and these tendons are loosed.
The platform will be not fully controlled
even the rank of S, is still 6.

5.3 TDP controllable workspace

The controllable workspace of TDP can be
defined as the set of postures where forces
and torques on the platform can be controlled
under the following conditions:

(1) all tendon forces must be positive;
(11) the platform must not run into
singularities.

Therefore, the controllable workspace of
TDP can be determined by checking:

(i) rank[S;] =6 (or rank[J,]=6);
(i) (1-s"s)k>0.
These matrices are all established based on

screw axes and consistent with kinematic and
force analysis.

6 Example

Referring to figure 1, it’s a spatial
eight-tendon platform, and wused as an
example to illustrate the method. In the
analysis, the first step of this unified
approach is to establish the screw
representations of  tendons via inverse

position analysis to get s and p which
are expressed in base space. In this procedure,
we needs to know the position of the center
of gravity of the platform, p,, and the rotation

matrix of platform relative to the base, °R,.

After the inverse position analysis, the
Jacobian of the platform can be derived

directly and shown as in equation (29):

T
rl

T

J. =7, 29
=% (29)
T
r,8
where
8.7 =(pxs) s (30)

And the kinematic relationship of tendons
and platform can established easily as in
equations (31) and (32):

&= J, % 31)



£=3,"¢+(1-3,73,)K,, (32)

When the platform is under the static

equilibrium condition, there is no dynamic

term, and the force relationship among
tendons and platform can be derived as:

SRS ECE

If the dynamic terms are considered, the
dynamic equilibrium can be shown as:

(33)

(1 =] s a0 R x|
(34)

and brief expressed as:
[s:]{z} ={F} (35)

where
[&]=[§1 §2 L §8]7 (36)
_| s

ﬁ’l_{nxs}’ G7)
B L §" (38)

Thus, the kinetic relationship of tendons
and platform can established rapidly as in

equations (39) and (40):
F=Sr1 (39)
r=SF +(I -S,S )K, (40)

Because the platform is actuated by all
eight tendons, the platform can be a fully
controlled TDP. This platform can perform
six degree-of-freedom motions and resist
external forces and couples, or be maintained
in static equilibrium under the following
conditions:

(1) matrix S; is full rank (or matrix J, is full

rank);

(i1) f,>0 in {z}.

From the example via the unified approach,
the kinematic and force analysis, and the
controllable =~ workspace  determination,
therefore, are indeed more efficient and
simplified.

7 Conclusions

In this study, the tension and the posture of
the tendons can be expressed in the form of
screw axes to represent the corresponding
wrenches and twists directly and properly.

And then, the kinematic and force analysis
model of tendons and platforms can be
established intuitively. Through the example,
it is believed that the unified approach based
on the screw theory is indeed straightforward
and efficient.
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