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1 SUMMARY

The objectives of this research are to develop systematic methodologies for the cre-
ation of multi-degree-of-freedom mechanisms and to gain better understanding of the
kinematics, dynamics and control of such devices. The following three inter-related
subjects have been studied: (1) tendon-driven manipulators, (2) geared robotic mech-
anisms, and (3) automotive transmission mechanisms. The main results of this study
are summarized as follows. - -

2 Tendon-Driven Manipulators

Tendons have been widely used to actuate compact and light-weight robot manipula-
tors, such as dextrous mechanical hands. This is partly because it permits actuators
to be installed remotely from the end-effector, and thus reducing the size and in-
ertia of the manipulator system. Previous research on such actuation systems was
accomplished primarily on the basis of specialized designs. The lack of systematic
approaches has limited our ability in realizing high performance transmission sys-.
tems. Therefore, the study of tendon-driven manipulators is of major importance in
the field of robotics. This study is concerned with several issues of 1mporta.nce to
enhance our understa.ndmg a.nd de51gn of tendon-driven manipulators.

In this study, graph is used to represent the kinematic structure of tendon-driven
manipulators. It is shown that the kinematic structure of a tendon-driven manipulator
is similar to that of an epicyclic gear train. Thus, the fundamental circuit equation
developed for the kinematic analysis of epicyclic gear trains can be directly applied. '

- Based on this finding, a systematic methodology for the kinematic analysis of tendon--
driven manipulators is developed (Tsai and Lee, 1989).

The structural characteristics of tendon-driven manipulators and the concept of
structural isomorphism are. investigated from which a systematic methodology for.
the enumeration of tendon-driven manipulators is developed. A class of kinematic
structures having pseudo—tna.ngula.r structure matrices has been enumera.ted (Lee and

Tsai, 1991a).

The transmission of forces from the actuator space to the joint space of a tendon-
driven manipulator has been investigated. A criterion for differentiating force trans-
mission characteristics and a procedure for identifying a manipulator with the least
maximum-tendon-force are established. It is shown that optimal kinematic structure
can be achieved for certain types of tendon routings (Lee and Tsai, 1991b).
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Given a set of desired joint torques, the determination of tendon forces in an n-
degree—of—freedom (DOF) tendon-driven manipulator with n+ 1 control tendons is an
indeterminate problem. In this study, an efficient methodology for transforming the
. joint torques (n elements) to the actuator forces (n + 1 elements) is developed (Lee

and Tsai, 1993). The technique, called forque resolver method, utilizes two circuit-
'like operators to transform torques between the two different vector spaces. It can
‘be easily programmed on a digital computer or implemented into an analog-circuit
system. This technique has the potential in making a real-time computed-torque
control feasible. The dynamic characteristics of a tendon-driven manipulator are
“also investigated. When integrating with the computed-torque control algorithm, the -
dynamic performance of tendon-driven manipulators is realized and 1dent1ﬁed with

. more ﬁdehty (Lee and Tsai, 1995; Lee, 1991) : , .

In the above study, it is a.ssumed that pulleys mounted on the same joint axis are
of the same size and the manipulator link lengths are proportioned in such a way that .
force transmission from the joint space to the end-effector space is isotropic. As an -
" extension, the pulleys are allowed to assume various different sizes, the links are per-
mitted take any arbitrary lengths, and the force/torque transmission characteristics
from the actuator space to the end-effector space are investigated. It is shown that the
actuator forces and joint torques are related by a linear transformation matrix, called
the structure matriz while the joint torques and end-effector forces are related by a
linear transformation called the Jacobian matriz. It is also shown that the necessary
and sufficient conditions to gain a full control of an n-DOF manipulator are: (a) the
minimum number of tendons required is n + 1, (b) the rank of the structure matrix
should be equal to n, and (c) there must exist at least one vector with all positive
elements in the column space of the structure matrix. Using these properties, a sys- .
tematic methodology for the enumeration of the kinematic structures is developed.
Equations for synthesizing tendon-driven manipulators with isotropic transmission
characteristics are developed. It is shown that a tendon-driven manipulator can be
designed to possess isotropic transmission cha.ra.ctenstlcs at any desired mampula.tor
posture.

First, the synthes1s of n-DOF manipulators Wlth n + 1 tendons with isotropic
transmission characteristics is developed (Ou and Tsai, 1993). Then, a general the-
ory for the synthesis of tendon-driven manipulators with more than n + 1 tendons
is explored (Ou and Tsai, 1994a). It is shown that an n-DOF manipulator can be
designed to possess isotropic transmission characteristics, if its transmission system is
constructed with either n+1 or 2n tendons, and if its structure matrix and Jacobian
matrix are designed according to two isotropic conditions. It is also shown that ma- .
nipulators designed with isotropic transmission characteristics do have more uniform
force distribution among their tendons (Ou and Tsai, 1996). Finally, the proper-
ties of equal maximal tendon forces within the entire workspace were explored. It is -




shown that only certain tendon-driven manipulators can be designed to possess such
properties (Ou and Tsai, 1994b). - This investigation have answered a long standing
. question on the design of tendon-driven manipulators. See (Ou, 1994; Tsai, 1995) for
more details. : . ,

3  Geared Robotic Mechanisms

In this study, the concept of transmission lines for the topological synthesis of artic-
ulated gear mechanisms is introduced. It is shown that the structure matrix, which _
relates the input displacements to the joint angles of a multi-DOF articulated gear
mechanism, can be derived by usmg the concept of transmission lines. Using the
characteristics of structure matrix, a new methodology for the topological synthe-
sis of articulated gear mechanisms is developed. All the basic admissible structure
matrices of three—DOF gea.red robotic mecha.msms are enumerated (Chang and Tsai,
1990). -

An innovative concept for the control of gear backlash in robotic mechanisms is
_conceived. The concept utilizes redundant unidirectional drives to assure positive
- coupling of gear meshes at all times. It is shown that, through a proper arrangement
of gear transmission lines, backlash of an n-DOF robotic mechanism can be completely
eliminated by a minimum of (n + 1) unidirectional drives. A methodology for the
~ enumeration of admissible redundant-drive backlash-free robotic (RBR) mechanisms
has been developed (Chang and Tsai, 1993). In order to demonstrate the concept,
a two-DOF experimental RBR arm has been constructed. A computed torque PID
controller is implemented in the experimental RBR robot. An experiment using a laser.
 tracking system was conducted to verify the improvement in repeatability. In order
to compare the performance difference, two control algorithms, one with redundant
drives and the other without, were used in the experiment. The results indicate that
use of redundant drives greatly improves the repeatability of a robot manipulator -
(Tsai and Cha.ng, 1994) See Chang ( 1991) for more details.

The design of multi-DOF ‘geared robotic mechanisms has a.Iso been mvestlgated
- from the dynamics point of view. Firstly, a systematic methodology is developed for
" the dynamic analysis of geared robotic mechanisms (Chen et al., 1991). The formu-
lation of dynamic equations is based on the concept of an equivalent open-loop chain.
It is shown that the reaction force analysis of such mechanisms can be efficiently car-
ried out by a forward evaluation along its transmission lines followed by a backward
evaluation along the equivalent open-loop chain. Secondly, two methodologies are
developed for the determination of the transmission line arrangement and the gear
ratios. The first methodology considers the design from both kinematics and dynam-
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ics points of view (Chen and Tsai, 1993). It is shown that, through proper choice of
gear ratios, certain gear-coupled manipulators can be designed to possess kinematic
. isotropy and maximum acceleration capacity at a given point. The train values of -
those gear-coupled manipulators can be thought of as a product of two-stage gear
reductions. The second-stage gear reduction is used to define the kinematic isotropic’
‘ condition while the first-stage gear reduction is used to optimize the acceleration ca-

pacity. The second methodology considers the design from just the dynamics point
of view (Chen and Tsai, 1991; Chen and Tsai, 1994). It is shown that, to achieve a
 maximum acceleration capacity, the mass inertia matrix of the input links reflected
at the joint-space should be equal to that of the major links. These methodologies
provide an efficient and systematic approach for the dynamic analysis and synthesis
-of geared robotlc mechanisms. See Chen (1991) for more details.

To further improve the accuracy and repeatablhty of geared servo-mechanisms,
the dynamics of a geared servomechanism including backlash and frictional effects is
studied and a new feedforward plus feedback control strategy is investigated. First,
the dynamic model of a spur gear system with backlash and friction consideration 1s‘
developed (Shing et al., 1993 and 1994). The meshing stiffness and frictional torque
as functions of contact point along the line of action are studied in details.. Then
- the mean meshing stiffness and mean frictional torque are incorporated in the model
~ to simplify the problem. Secondly, Filippov’s solution concept and his theorems are

~ used to examine the existence and uniqueness properties of the nonsmooth dynamical

system. Based on the extended stability theorems developed by Shevitz and Paden,
a general methodology is developed for the analysis of stability conditions. Finally,
a new open-loop optimization-based control strategy is developed. Both path gen-
. eration, selection of an appropriate input function, and optimization techniques are
studied in details. Finally, a methodology for finding appropriate state feedback gains
to reduce possible éffects of load disturbance and modeling errors is also proposed.
Numerical simulation results indicate that the improvement due to this feed-forward
and feedback control technique is quite satisfactory (Shing et al., 1996).

i

4 Automotive Transmission Mechanisms

An automotive automatic transmission maintains a proper equilibrium between the
power and torque produced by an engine and those demanded by the drive wheels.
Most automotive automatic transmissions employ some kind of epicyclic gear train
(EGT) to achieve the above purpose. Typically, the central axis of an EGT is sup- -
ported by bearings housed in a transmission case. This way, the EGT and the casing
form a fractionated mechanism called. the epicyclic gear mechanism (EGM). An
EGM may possess two or more degrees of freedom depending on whether the EGT
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is a one or more-DOF gear train. In such a transmission mechanism, various speed
ratios are obtained by clutching different links to the input power source and the
casing of a transmission. The speed ratios selected for a transmission are tailored
for fuel economy and performance, typically a first gear for starting, a second and/or
third gear for passing, and a high gear for fuel economy. These speed ratios in a
clutching sequence are arranged in a sequential order beginning from the first gear to -
the last gear followed by a reverse. A table depicting such a set of speed ratios and
their clutchmg condltlons is called a clutchmg sequence. B

The first step in desxgn automatlon is to enumerate adms51b1e EGM conﬁgura—f
- tions that can provide the desired speed ratios, and meet other kinematic and dy-
namic requirements. In this study, the kinematic structure characteristics associated
functional requirements of an EGM are identified. It is shown that the kinematic
structure of an EGM can be conveniently represented by a canonical graph. In a
canonical graph, vertices denote links, heavy edges denote gear pairs, and thin edges
denote turning pairs. The thin edges are labeled according to their axis locations in
space. Furthermore, all the thin-edged paths originated form the root have distinct
“ edge labels. By taking some of the structural characteristics into consideration, an ef-
~ ficient methodology for enumeration of EGMs is developed. All admissible canonical

graphs representing EGMs with up to ten links have been enumerated (Chatterjee
- and Tsai, 1994&) :

The representation of a mecha.msm by graph precxpltates the need for a method-
ology for the reverse transformation, that is of constructing the corresponding mech-
anisms from graphs. To accomplish this goal, an EGM is decomposed into several
fundamental geared entities (FGE). The FGEs are made up of five primitives: sun
gear, ring gear, carrier, single planet gear, and multiple planet gears. A computer
algorithm is developed to create FGEs from the graphs using the above five primi-
tives. These entities are then connected together to form a mechanism which can be .
displayed on a computer screen by using PHIGs graphics functions (Cha,tterjee and

Tsa.1 1994b). See Cha.tterjee (1993) for more deta.l.ls .

The second step in design automation is to develop an automated computer algo-
" rithm for the speed ratio analysis of EGMs. The kinematic characteristics associated
‘with various operation modes of an F'GE are investigated. It is shown that the over-
all speed ratio of an EGM can be expressed in terms of its FGEs (Hsieh and Tsai,

11995).

The third step is to develop a methodology for the enumeration of various clutching
sequences. The methodology we developed is based on the concept that an EGM can .
be decomposed into several FGEs and that the overall speed ratio of an EGM can
be symbolically expressed in terms of its FGESs. First, a procedure for estimating




the overall speed ratio of an EGM without specifying the exact gear dimensions,

is derived. Then, an algorithm for comparing various speed ratios of an EGM is ' -

established. Finally, a methodology for the enumeration of all possible clutching
sequences associated with an eplcychc gear mechamsm is developed (Hsieh and Tsai,
' 1996) ‘ :

This development represents a giant step toward a fully automated computer-
~ aided design of automotive transmission mechanisms. «
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