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Abstract

We have briefly summarized the kinematic aspects of some of our work dealing with force
controlled manipulators. In the first part of this paper we discuss determining a manipulator's
kinematic geometry from sets of forces and moments which are required to be applied by the
manipulator on the environment. In the second part we describe kinematic issues that were
considered during the preliminary design phase of a new force controlled redundant manipulator.
This system, named ARTISAN, has 10 degrees-of-freedom and micro-manipulation capabllity.

Introduction

Most mechanical manipulators are designed with position or workspace requirements as the
foremost criteria in determining the kinematic parametiers. Force is only considered secondartly,
usually in regard to sizing actuators and transmissions. In contrast to this we have recently been
involved in studies which have taken force into account in a more direct manner than has
heretofore been done. This paper summarizes several of the basic ideas and results of those studles.

Designing for Specified Force and Torques

We have cxplored the concept of determining a manipulator's kinematic parameters from sets ol
forces and moments that the manipulator is required to exert on {ts environment. An arbitraty
force and moment can always be combined into a co-axjal combination called a wrench. In this
paper when we usc the term wrench we are referring to a force and moment. We are interested in
determining the lengths and twist angles between a manipulator's joints which will allow it to
apply specified wrenches or pure forces on the environment. For example, If a one link revolule
manipulator is required lo push with a force in a given direction then. If we neglect friction, the
manipulator axis should be in a plane normal to the force. If we specify (wo separate positions, and
a force direction 1s given for each position, then the revolute axis must be at the intersection of the
two normal planes. This In turn means {hat the link length is determined and therefore also the
required joint torque. So in this rather trivial example we see that for a 1R "manipulator” at most.
{wo arbitrary forces can be specified.  This same fdea can be extended to much more complex
devices. and that has been the purpose of a portlon of our recent research.

In this research we uttlize the idea of free body diagrams and static equilibrium in order to
determine the relationships beiween the design parameters, {he actuator wrenches. and the
wrenches applied by the manipulator to the environment. This method works very nicely for the
usual types of series chains used In common manipulator designs. As an example of this consider
Figure 1 which shows a simple 2R chain. If we require that this chain apply a force [ and moment n
{o the environment along a line passing through a point A with a direction U. then the torque that
needs Lo be applied by each actuator Is given by the equilibrium equations for each link, obtained
from summing the resullant torque about each joint axis. The results are that for joints'1 and 2 the
actuator torque, t) and iz, needs lo be respectively:

1= Feo(nU+(A-G)xU) {p=Ms(nU+(A-Q)xfU) (1)

Here, the first joint axis is the line with directton F passing through point G. and the sccond jeint
axis s, in the design position, the lLine with dircction M through point Q.

Equations {1} are two scalar equations. Il the applied wiench (. f. U and A} is specified and the
actuator torques (i1, t) are specified, the set of equaticns contains 8 scalar unknowns ((wo for each
of the vectors F. G. M, Q). and these are the parameters which define the kinematic geometry of the
manipulator. lience, if we deltne four different applied wrenches and four corresponding sets of
joint torques. we have four sets of equations (1). and the resulling system contains 8 equations and 8
unknowns. 1t would be more usual 10 want Lo specily the applled wrenches at diffcrent design
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positions. This can be easily accommodated if we introduce the rotation angle in joint 1 as a new
design parameter. With this angle we can express M, @ as functions of the values they have in a
reference design position. The rotation angle can be left unspecified and thus it becomes an
additional design parameter every time (1) is written. If we take the first design position as the
reference position, and if we spectify the output wrench for 7 different design positions, and if the
corresponding input actuator torques are also specified, we get from equations (1) a set of 14 scalar

equations in terms of the 8 scalar linkage parameters and the 6 rotation angles for the first link
(from its initial design position).

Figure 1: 2R Manipulator applying a wrench. Figure 2: Force generalor

For a revolute chain with j joints in series. the moment balance equation about the ith Joint axis
yields

t; = Mje(nU+(A-Q;)x[U) (2)

Here, t; Is the actualor torque applied to the ith joint and {, n, U, A define the output wrench which
the manipulator applies to the environment in the given position. If the actuator torques and the
cutput wrench are specified. equation (2) gives rise to § scalar equations in the 4f design paramelers
(2] for My, i=1, 2,...J and 2J for @;. i=1, 2....J). If we consider a set of k design positions, and introduce
the jolnt rotation angles In order to describe the vectors My, @ (for 1=2, 3....j) in terms of their inital
design positions and their rotations from the initial design position, we have in addition to the
original 4§ design parameters an additional (k-1){j-1) joint rotation parameters. Thus, equation (2)
yields kj design equations in terms of 4§+(k-1)(j-1) unknown parameters. Equaling the number of
equations and unknowns (L.e. kj = 4j+(k-1)(j-1)) ylelds the maximum number of design positions: k =
3j+1. Thus. for a 5R, for example, we could specify up to 16 (i.e. 3x5+1) arbitrary wrenches and sets of
input torques, and use these to determine the corresponding 20 (i.e. 4x5) linkage design parameters
and the assoclated set of 60 (f.e. 15x4} displacement angles.

For a prismatic joint we have to replace equation (2) by 4

fj = (U= (3)

where, fj is the actuator force applied to the ith joint. The main difference here is that we now lose
two design variables for each prismatic joint, since the joint's location, @;. does not influence the
amount of force it can apply to the environment. The jeint variable of course also changes. It is
now a translation distance, but il is used instead of the joint rotation argle. The number of joint
variables entering the design preblem also changes. For any given prismatic joint, displacement at
this joint does not aflect the directions of the slide of the remaining prismatic jolnts on the
outboard portion of the linkage. But, it deces aflect the locations of the joint axes of all revolute
joints on the outboard portion of the linkage. Therelore, the joint variable assoclated with a
particular prismatic joint enters the problem only if there Is at least one revolute joint on the
outboard portion of the linkage. A manipulator with p prismatic joints and r revolute joints in a
series will be described by kir+p) design equations {n termas of 4r + 2p + (k-1)(r+p-1) unknown, if the
Iast jolnt is revolute, 4r + 2p + {k-1){r+p*) unknowns. if the last joint is prismatic (p* is the number of
prismatic Jolnts on the Inboard side of the outermost revelute joint). Thus for a 4RP manipulator
we would be able to spectfy at most 14 arbitrary wrenches and actuator inputs. Clearly, prismatic
loints decrease the number of design positions.
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The basic tdea in the foregoing Is lo use simple equilibrium equations to derive the kinematic
parameters for a manipulator. The assumptions assoclated with what is given and what is to be
found can be modified to sull a particular situation. In our discussion we have assumed that the
output wrench is fully specified In every design position. We have also assumed that the actuator
lorques or forces are given, and that the manipulator's structural and motion parameters are
unknown. This does not have (o be the case. Using the same equilibrium equations it is possible to
specify some of the structural and motion paramelers, and to leave the actuator or applied wrenches
parilally or completely unspecified. There are many possibilities even if we restrict oursclves to
only revolute and prismatic joints. If we admit other types of joints we obtain a large number of
other possibtlitics. We have analyzed many cases of 2, 3, 4 and 5 link manipulators in detail. and
have provided a general framework for any number of links. Our emphasis has been on
determintng the theorctical limit on the maxtmum number of design posilions for each case, and on
the numerical methods which will yteld all solutlons to the sets of nonlinear equations which
result from the static equilibrium conditions. This work is reported in detail in the Ph.D. thesis
currently being completed by Madhusudan Raghavan [1].

If we attempt Lo apply the same design {deas to {n-parallel manipulators we find that the design
€quations become much more complex unless we use special types of linkages. It Is possible to
devise groups of links which act as pure wrench generators [2]. Such assemblages have the properly
that certain types of wrenches inputted to the actualors are transmitted without alteration. For
example, Figure 2 shows an assemblage of {wo links which transmits a pure force along a given line
of action. By using assemblages of these pure wrench transmltling devices it is possible to devise in-
parallel systems which allow for direct control of the Joint forces from the driving to the driven
part of the manipulator. There exist a large number of possible configurations for such in-parallel
structures. Some of these structures follow directly from the usual serles chains by application of
the principle of duality belween velocity and force [3], others can be developed in a constructive
manner using the pure wrench transmitters. Their design for applied wrench generation is
described in {1] and [3].

The ARTISAN structure

The foregoing ideas are useflul in designing manipulators for a specific set of applications where
the wrench requirements are known a priori. Our long standing interest in force application and
sensor based manipulation has led us to also have a quite different set of requirements. In parallel
with the above research we have been developing the design for a new force controlled manipulator
which is capable of both gross and f(ine motion, and can operate well in situations which rely
primarily on force control. In keeping with the theme of this conference, we will discuss some of the
kinematic issues we have had to face during this design. -

Although we have had success In adapting existing designs by adding a force sensor to a critical
Jolnt [4], and by the use of wrfst and finger sensors [5]. we have long felt the need for an experimental
device which was specifically designed for experiments which relied primarily on force control.
Several years ago, we undertook a preliminary Investigation into what configuration we would
want such a device {o have. One of the {irst kinematic issues we deall with was the question of how
many degrees of [reedom we wanfed the device to have. We were certain that we wanted micro-
manipulabtlity. and we also wanted the ability to improve dynamic performance during large high-
speed molions by altering the configuration during manipulation.

It was our goal to achieve micro-manipulation in such a way that we could have small highly
precise manipulations. and yet maintain the abilily to move over large ranges. These
considerations led us to decide that the most practical ideas involved pulling a micro-manipulation
device next to the end-ellector, otherwise its errors would tend to be magnified through the lever
arms of the attached down-stream links. We also had the results of some studies, on impact between
manipulators and their environment, which indicated strongly that the negative effects of Impact
can be greatly reduced if the smallest links are next to the collision [6]. So we decided to place a
micro-manipulator at the free-end. Originally this implied a 12 degree-of-freedom system If we
were to have full micro capability added on to full macro capability. It was decided instead to try
and combine the micro and macro functions as much as possible. This lead to the idea of wrist
which could provide a falrly large amount of rotation with a great degree of precision. The wrist
would be the dividing point between micro and macro capabllity, and would be part of both
portions. Much is known about wrist kinematics. Let it sullice here to say we dectded upon a 3 axis
wrist with intersecting axes that are arranged so that the intermediate axis is perpendicular to each
of its neighbors.

From the wrist our considerations went to tlie macro capability. If the wrist were to be
composed of three Intersecting axes, the function of the macro motion portion could be reduced to
simiply positioning the point of {nlersection, f.e. the wrist's center point. Normally. this requires



only 3 degrees of freedom. However, our concern (o be able to change the configuration {n order {o
improve the dynamic propertics made the idea of redundancy a very appealing one. By using
redundancy in the joints between the wrist and the base we could gain several important
advantages: 1) We could gain some obstacle avoidance capability. 2) We could have the desired
adjustability to tmprove inertia characteristics during the motion. 3) We could provide bracing
during fine manipulations. Because of these advantages we decided to use 4 degrees of freedom
between the base and the wrist point. It has been proved [7] that a spherical workspace will provide
the largest work volume avatilable to a revolute jointed manipulator. Accordingly, we chose the
first two axes Lo be at right angles. Following the principles for maxdmum workspace {7]. and also
wishing to obtain the benefits of a locally planar structure we decided to make joints 3 and 4
parallel to each other and to joint 2. The net result is that motions in joints 2, 3, and 4 simply
position the wrist center in a plane, and motion in joint 1 simply rotates this plane, see Figure 3. (In
the figure, ag, a3 and a4 denote non-zero link lengths.)

Thus far we have accounted for 7 degrees of freedom: 4 of which position the wrist point. and 3
are rotations about the intersecting axes in the wrist. What remains is to determine the micro-
manipulator which is outboard of the wrist. Since the wrist will provide three high precision
rotations, the use of a device with three pristualic axes would seem ideal. If these axes were
mulually orthogonal, they could provide three decoupled high precision micro translations.
However, such a device would essentially be a series chain which would tend to vibrate at
frequencies that could easily be excited during manipulation. Even more importantly, by placing
this device belween the wrist and the working area of the gripper. the distance between the wrist
concurrency point and the hand reference point is necessarily tncreased. The result is that the
available range of rotation about axes through the reference point orthogonal to the hand axis is
very small. This type of rotation is important in operations which require conforming to
workplece geomelry. The best way to avold these problems would seem to be the use of an in-parallel
structure. We thus designed a 3-degree-of-freedom in-parallel micro-manipulator. With this micro-
manlpulator added we have 10 actuated degrees of freedom in the proposed manipulator. We have
named this device ARTISAN.
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Figure 3: First 7 axes of ARTISAN Figure 4: Micro-manipulator
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The 3 actuated prismatic joints in the micro-manipulator will be tmplemented by the use of ball
screws. Each of the three ball screws Is coupled to a base plate through a passive revolute joint
(called a trunnion), and to the end-effector attachment plate through a nut which is {ree to rolate
about {wo transverse axes by virtue of a universal joint coupling. see Figure 4. The joint centers on
the base and altachment plates are such that they form identical equlilateral triangles. The entire
arrangement is made as symmetric as possible to stmplify the analysis and the operation.

The direct and inverse kinematics, and the velocity analysis has been worked out for this
micro-manipulator [8, 9]. This in-parallel device exhibits the well known property ol all in-
parailel devices: thc inverse kinematics is rather simple but the direct kinemalics is relatively
complex. In our case we can place angle measuring devices on the passive attachment joints,
between the ball screws and the base plate, and by measuring rather than computing these angles we
greatly stmplify the direct kinematics.

The combinatton of series and In-parallel structure provides Interesting problems in force
analysis which do not secem lo have been studied heretofore. Although we have derived system
Jacobians, the combinations and interactions of the varlous substructures remains a topic of study
for us. Even though we do have various analytical complexities to contend with in controlling such
a system, it does seem Lo have many advantages from a kinematic point of view. The ARTISAN



geometry allows for varlous modes of operation. Two of the most Interesting are obtained by 1)
locking {he micro-manipulator so the system acts as a 7 degree-of-freedom mantipulator capable of
gross motion and force control, obstacle avoidance and dynamic configuration optimization. 2)
Locking joints 1-4, so the system acts as a fine position-and-force controlled 6 degree-of-freedom
manipulator. This design is now in the process of being finalized, we hope to scon published a
detatled study describing the many aspects of this project.
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