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ABSTRACT 

Control and other issues related to the use of modular robotic 

fingers to perform dexterous manipulation are considered. The 

specific manipulation strategy to be implemented, which focuses 

on parts acquisition and takes advantage of sliding contacts which 

exist between the fingers and the object being manipulated, is 

described. The results of early implementation efforts are 

discussed in which a standard individual-actuator PID control 

approach was used. Problems related to friction and other effects 

are identified which were encountered in these early efforts. A 

computed torque control scheme which provides adaptive friction 

compensation is proposed for future use with the fingers. Results 

are discussed of simulations performed to help determine if use 

with the fingers of this proposed approach will improve system 

tracking performance in the presence of a variety of disturbances 

like those which will affect the fingers during actual operation. 

Implications of results for future implementation efforts are 

discussed. 
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INTRODUCTION 

Control of Modular Robotic Fingers Toward 
Dexterous Manipulation With Sliding Contacts 

This study considers control and other issues related to the 

use of modular robotic .fingers to implement a recently-proposed 

manipulation strategy. The type of manipulation considered here 

involves use of the fingers to exert forces on an object so as to 

move the object away from its initial resting position on a flat 

work surface until the object is securely grasped by the hand. The 

manipulation strategy considered here differs from most other 

manipulation strategies in that it takes advantage of sliding 

contacts which exist at points where the hand contacts the object. 

In the first Chapter of this study, the proposed sliding 

manipulation strategy is described. Use of the strategy to plan 

finger trajectories related both to link motion and to contact force 

delivery is considered. Following this presentation, early 

implementation efforts are discussed in which the strategy was 

used to manipulate objects up fixed ramps. 

In the second Chapter, the modular robotic finger used in 

this study is introduced. An inverse kinematic solution and a 

dynamic model for the finger are developed. Particular attention is 

paid to the development of a model of friction for the finger. The 

major control concerns are identified in this Chapter as being the 
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effects on system performance of friction and backlash which are 

known to exist in the actual finger mechanism. While friction 

compensation remains a major issue after these concerns are 

identified, no attempt is made to provide explicit compensation of 

backlash effects. However, control approaches considered for use 

with the finger are evaluated partially in terms of system 

overshoot likely to occur when such approaches are applied. This 

is due to a concern for the way in which overshoot and backlash 

are known to work together in some situations to degrade system 

performance. 

The third Chapter focuses on control issues. After describing 

the individual-joint PID approach used in early implementation 

efforts, a recently-developed adaptive control method is proposed 

for use with the fingers. The method is basically a version of the 

well-known computed torque approach but provides adaptive 

estimation of unknown system parameters. The way in which this 

control approach can be used to provide adaptive friction 

compensation is discussed in detail. 

In the fourth Chapter, simulations are discussed which were 

performed to help determine if the proposed adaptive control 

approach is likely to outperform non-adaptive computed torque 

methods. These simulations involved applying to a model of the 

finger a variety of simulated disturbances of the sort likely to 

affect the actual finger mechanism as it is used to implement the 

proposed sliding manipulation strategy. After a discussion of these 
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simulations and their results, a brief Chapter follows which 

presents general study conclusions. 

Standard notation is used in this text. Matrices are 

symbolized by capital letters or Greek symbols, underlined in 

either case. Vectors which are associated with individual forces, 

torques, accelerations or velocities are indicated by the use of 

lower-case letters or Greek symbols which are again underlined in 

either case. 
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CHAPTER ONE 

DEXTEROUS MANIPULATION WITH SLIDING CONTACTS 

1.1 Background on Dexterous Manipulation 

In the robotics literature, the term dex terous  manipula t ion  

refers to the use of an articulated mechanical hand to impart 

motion to objects in the hand's environment. In an industrial 

setting, such manipulation can be involved in the performance of 

at least two general types of tasks. First, such manipulation can 

occur in the service of parts acquisition. Parts acquisition involves 

use of the hand to maneuver an object away from its initial resting 

position on some supporting surface until the object is firmly 

within the hand's grasp. Such acquisition will often occur as part of 

some larger transfer operation being performed by the robot. 

Second, hands can be used to manipulate objects as part of the 

assembly process through performance of component tasks such as 

turning parts on threaded guides or orienting parts prior to 

insertion. 

This study is part of an effort to implement a strategy for 

dexterous manipulation proposed by Trinkle [1988]. The strategy 

deals with the parts acquisition process. It provides a 

straightforward way of planning hand activities that will result in 

the object's being securely grasped by the hand. This acquisition 
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process occurs in two phases. First, the hand exerts forces on the 

object which result in the object's breaking its contacts with the 

supporting surface in some predetermined manner. Second, taking 

full advantage of the effects on object motion of the frictional 

forces present, the hand supplies forces to the object which result 

in the object's sliding along some flat portion of the hand. That 

portion is most often the smooth link surfaces of an extended 

finger. The goal of this sliding will often be to bring the object into 

contact with portions of the hand such as the palm and the 

proximal finger links. Secure grasp formation will often require 

the attainment of these additional contacts, contacts which 

assumedly are unattainable at the outset of manipulation. 

The proposed manipulation strategy assumes that sliding 

contacts exist between the hand and the object. Other authors have 

assumed various other types of contacts. Hsu [1988], for instance, 

in his review of research on the related dual manipulator problem, 

reports that many investigators in this area have assumed fixed 

contacts. Trinkle [1988, 1989] reviews the literature on dexterous 

manipulation. He points out that many researchers in this area 

have assumed rolling contacts. Kerr [1984, 1986] made this 

assumption in describing the relationship between hand and object 

motion. Okada [1982] and Arimoto [1987] also made the rolling-

contact assumption in their use of hands to demonstrate 

performance of assembly-related tasks. Hsu [1988] assumed point 
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contacts in his development of coordinated control laws and 

extended his method to the rolling-contact case. 

Holzmann [1985], Nguyen [1986] and Brock [1987] 

performed research on dexterous manipulation which is related to 

the manipulation strategy considered here. These authors 

investigated grasp configurations which allow limited object 

slippage to occur at the points of contact between the object and 

the hand. The manipulation methods studied by these authors 

differed from the method considered here in that it was not 

assumed that the hand would be used to actively manipulate the 

object in a manner which involved the object sliding in a rotation-

free manner for some distance along a flat hand surface. Ji [1987] 

investigated manipulation with sliding contacts but focused on 

grasps which involved object contact with the fingertips only. 

In all of the above-described research, the assumption is 

made that manipulation begins with the object securely grasped 

by the hand. The currently proposed strategy, which focuses on 

the parts acquisition process, ties together this research on 

dexterous manipulation and another body of research, also 

reviewed by Trinkle [1988, 1989], on parts handling on flat work 

surfaces. The literature on parts handling is relevant here because, 

like the proposed manipulation scheme, it focuses on the effects on 

object motion of friction which occurs at the contact points. Mason 

[1985], Brost [1985] and Peshkin [1988] analyzed such friction 

effects to show that pushing operations can be used to orient 
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objects on flat surfaces in the absence of precise knowledge of 

both the initial orientation of the object and of the distribution of 

pressures between the object and the surface on which it moves. 

Mani [1985] and Peshkin [1987] suggested specific parts handling 

strategies for use in the industrial setting which take advantage of 

these results. 

An expert-systems approach to parts acquisition is taken by 

investigators such as Tomovic [1987] and Rao [1989]. These 

researchers seek to develop grasping algorithms which involve 

execution of reflex-like subtasks observed in performance of 

grasping behaviors by humans. In keeping with this approach, 

hand control is attempted in the approach and grasping phases of 

manipulation through direct integration of actuator activity and 

input data from vision, tactile and other types of sensors. While 

this alternative approach is an interesting one, the major concepts 

upon which it is based are not really relevant to a discussion of the 

kinematics-based approach considered in this study. 

1.2 Manipulation: The Quasi-Static Frictionless Case 

The proposed manipulation strategy is now presented in 

sufficient detail to discuss the planning of hand activities that will 

cause the object being manipulated to follow certain types of 

planned trajectories. These activities include position trajectories 

which the moving parts of the hand are to follow and contact 

forces which the hand is to apply to the object. Throughout this 

study, all hand and object trajectories will be confined to the 
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plane. While the proposed method can be applied to the spatial 

case, treatment of the planar case greatly simplifies the 

computations involved in analysis, simulation and implementation 

of the method. 

The planning of these hand activities proceeds from an 

analysis of the effects of all forces acting on an object in a given 

manipulation setting. A description of the equilibrium condition is 

then sought for this situation. Such a description specifies the 

contact forces which must be supplied by the hand to offset the 

effects of external forces such as the gravitational force. The 

effects of external forces must be offset if the motion of the object 

is subsequently to be determined only by the applied hand forces. 

An example of how this force analysis proceeds begins with 

consideration of the grasping situation is presented in Figure 1.1. 

In this Figure, an object is shown contacted only by the distal links 

of two robotic fingers. The three forces shown acting on the object 

f i r.ge 

Figure 1.1: Two-fingered Grasp 
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are the gravitational force mg. and the two finger contact forces f i 

and £2 • Also in the Figure, the vectors a_x and a.y define 

accelerations of the object's center of mass in the positive 

horizontal and vertical directions, and the unit vectors id 1 and if 1 

lie respectively in the direction of the moment arm di and the 

force fi. The angles a and (3 are, respectively, the angles made 

between forces £1 and £2 and the horizontal reference. Newton's 

second law of motion is then used to describe the equilibrium 

condition for the situation depicted in Figure 1.1, in which the 

effects on the object of the forces exerted by the hand are equated 

to the opposite of the effects due the gravitational force. This 

treatment yields 

In this matrix equation, m is the object's mass, Jcm is the object's 

moment of inertia about its center of mass, a. is the vector normal 

to the plane of motion about which positive object rotation is 

defined by the right hand rule and the Ci are the magnitudes of 

the two finger contact forces. The first, second and third rows of 

equation (1.1) contain, respectively, the sum of forces in the x 

direction, the sum of forces in the y direction and the sum of 

vector moments about the summing point Q. 

cosaxi cosPx2 
sina^i sin(3y2 

_ di(idiXifi) 0 

ma* 
m(ay+g) 

-Jcmffl + a.Xm( a x  + ay). 

(1.1) 
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The force analysis method applied above is generally the 

approach that will be used throughout this study to evaluate the 

effect of hand contact forces on object motion. However, two 

important simplifying assumptions will be made at times during 

subsequent use of this method. First, throughout the remainder of 

this chapter and in much of what follows, it will be assumed that 

manipulation occurs under quasi-static conditions. This assumption 

implies that object motion is allowed but that all object 

accelerations are considered equal to zero. This assumption is 

reasonable because early implementation efforts involve operation 

of the finger at relatively low speeds. The second assumption 

made at this point is that no friction exists at the locations where 

the object makes contact with the hand or with other bodies. In 

the absence of friction at the contact locations, it is assumed that 

contact forces are directed inwardly exactly along the contact 

normals with which they are associated. Contact force vectors will 

then appear as they are shown in Figure 1.1. This second 

assumption will not be made in subsequent sections of this study. 

In light of the preliminary remarks made above, a discussion 

of the grasp planning process begins with consideration of the 

situation depicted in Figure 1.2. In that Figure, two robotic fingers 

are shown in the vicinity of a flat-sided object which is at rest on a 

horizontal surface. Finger 1 contacts the object at the location 

shown. The forces acting on the object in this initial manipulation 

scenario are the gravitational force, the force £i which arises due to 
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the object's contact with finger 1, and the pair of forces £3 and £4 

which arise due to the object's contact with the horizontal surface. 

In the situation shown in Figure 1.2, with the position of 

finger 1 assumed to be fixed, the use of finger 2 to exert an 

additional contact force of sufficient magnitude on the object at 

some accessible point on the object's perimeter will produce one of 

several possible object reactions. The response that actually occurs 

will depend on both the magnitude and location of the second 

finger contact force. One possible outcome is jamming. When 

jamming occurs, the object is squeezed but does not move due to 

the fact that no net force or moment arises in a direction in which 

the object is free to travel. The object's sliding on the support 

surface is another possible outcome. For sliding to occur, it is 

necessary for the second finger contact force to possess a 

horizontal component which is parallel to the horizontal 

component of the fixed finger contact force. Two other responses 

Figure 1.2 : Object at Rest on Horizontal Surface 
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are tipping and translation. When tipping occurs, only one of the 

object's contacts with the surface is broken. Translational liftoff 

involves the simultaneous breaking of both of the object's contacts 

with the surface. 

f inger 2 

-3 
mg? 

finger 1 

Figure 1.3: Initial Grasp Presented for Tipping Analysis 

Trinkle [1988] presents a systematic way of planning the 

initial placement of a pair of fingers on two-dimensional objects. 

This study will consider the manipulation of flat-sided objects 

only. According to Trinkle's planning method, with the position of 

the first finger assumed to be fixed, the accessible portion of the 

object's perimeter is divided up into "liftability" regions. These 

regions are defined by the qualitative nature of object liftoff which 

results from application of the second finger contact force within 

that region. Trinkle's full analysis is not repeated here. Only 

portions of that analysis are presented which are required in 

support of the present discussion of the way hand activities are 

planned to achieve certain classes of object motion. 
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Translation is the preferred form of object motion both 

during and after liftoff. Situational geometry and other factors, 

however, at times prevent translational liftoff. In such cases, 

object tipping will be the desired form of motion. Tipping, in fact, 

can be used at the outset of manipulation to position the object in 

a way such that subsequent translation is allowed. 

To develop the' solution for hand activity which will result in 

tipping, the equilibrium condition for the situation presented in 

Figure 1.3 is first considered. The force analysis procedure 

developed earlier in this section is used. At this point, however, 

the vector notation used in (1.1) in the presentation of force 

analysis results is dropped. Now only moments and force 

magnitudes are summed in the relevant directions. Signs are 

applied to the moment arms in the figures which accompany the 

following discussion to indicate the direction of object rotation, 

with counterclockwise rotation defined as positive, caused about 

point Q by the associated vector moment. Treatment in this 

manner of the situation depicted in Figure 1.3 yields 

cosa cosfi 0 0 
sina sin(3 1 1 

_ 0 d2 d3 0 _ 

Tipping will occur in this situation when the magnitude of 

either £3 or £4 is driven to zero. This is accomplished, assuming 

again that the position of the first finger is fixed, by an increase in 

the magnitude, C2, of the second finger contact force. Threshold 

ci 
C2 

C3 
-C.A-

0 " 
mg 

L-dgm g. 
(1.2) 
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values of C2 which are associated with tipping can then be found 

by manipulating the rows of (1.1). The value of C2 required to 

break contact 3 is 

The value of C2 required to break contact number 4 is given by 

If in a given situation both (1.3) and (1.4) yield positive values for 

C2, then that surface contact will first break which is associated 

with the smallest nonnegative value of C2 given between the two 

equations. 

Use of this approach to determine the initial hand activities 

that will cause tipping proceeds from the assumption that the 

position of the first finger can be maintained. This implies that 

when initial incremental tipping is considered in isolation, the 

values of a, dg, d3 and d4 can be considered constant. With this 

assumption made, a location of the second finger contact can be 

found such that the resultant values of (3 and d2 provide a 

nonnegative solution for C2 as given either by equation (1.3) or by 

equation (1.4). Issues related to how tipping motion is maintained 

after the time at which a surface contact is first broken will be 

discussed later in this Chapter. 

(1.3) 

•1 mg 
d2Cosa + d3sin(a - (5) 

-cosa(dg + d3) 
(1.4) 
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The solution for translational liftoff is developed along 

different lines. Trinkle [1988] shows that if only two finger 

contacts exist, the translation regions on the object's perimeter are 

points. These regions can be made to possess finite length by the 

addition of a third hand contact. With only two fingers available, 

this third hand contact is most easily obtained by laying a flat 

portion of one of the fingers along one side of the object. Such a 

situation is depicted in Figure 1.4. In this situation, it is assumed 

that forces f i and £5 are parallel and that £5 causes a positive 

vector moment to arise about the summing point. 

Figure 1.4: Grasp Presented for Translational Liftoff Analysis 

Moment and force magnitude relationships for the 

equilibrium condition in this situation are given by 

\  m g ?  y  l —  

uwavi n m u 
u  

m nun Ijrm \ n 
"d3 
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cosa cos(3 0 0 cosa 
sina sinP 1 1 sina 

0 d2 d3 0 ds _ 

ci 
C2 
c3 

C4 

-C5-I 

0 " 
mg 

L-dgmg. 
(1.5) 

For translational liftoff to occur, contact force magnitudes C3 and C4 

must equal zero while the remaining contact force magnitudes 

must be positive. An additional constraint, 

sin(a - P) > 0, (1.6) 

arises because of the need to realize a positive net vertical 

component of the lifting force in order to overcome gravitational 

effects. This set of constraints can be used to manipulate the three 

separate equations contained in (1.5) to produce the inequality 

sin(a - P) 

cosa 
+ d5 

cosP 
cosa 

< d2 < d 
sin(a - p) 

g cosa 
< 0 (1.7) 

which defines the translation region on the object's perimeter for 

the situation shown in Figure 1.4. Because none of the angles or 

distances which appear in (1.7) are associated with the original 

surface contact forces, the solution presented can be used in the 

planning of hand activities both during and after liftoff. 

The results presented in (1.7) define the translation region in 

terms of constraints on the sign and magnitude of the moment arm 

associated with the second finger contact force. The translation 

region in many such cases can also be determined graphically. 

Consider Figure 1.5. The absence of surface contact forces in the 
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Figure indicates that the magnitude of such forces is assumed 

equal to zero in this case. A description of the equilibrium 

condition for this situation can then be viewed as containing 

specification of the contact forces required for the translation 

solution. It is noted that in the Figure the summing point is now 

located at the intersection of the lines along which £2 and the 

gravitational force lie. Location of Q in this manner will simplify 

the process by which the translation region is graphically 

determined. 
\ 

f inger 2 

finger 1 
mg? 

Figure 1.5: Grasp Presented for Graphical Translation Analysis 

For translation to occur in this situation, the net moment 

about Q must be zero. This implies that Q must be located in 

between the lines along which forces £1 and £5 lie. If the summing 

point is not so located, the forces £1 and £5 will produce a net 

moment about point Q, which will cause object rotation. In Figure 

1.5, the translation region, T, is shown in bold black. This region 

can be defined in geometric terms as the region within which 
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location of the second finger contact produces placement of Q 

between the lines of force associated with £1 and £5. 

Application of the usual force analysis procedure yields 

cosa cos(3 cosa 
sina sinp sina 
di 0 d5 J 

"cf " 0 " 

C2 — mg 

.C5. . 0 . 

(l.B) 

as a description of the relationship between moments and force 

magnitudes in the equilibrium condition for this situation. This 

matrix equation can then be inverted and solved for 

-cosa 
c2 = JTT m§ sin(a - |3) 

(1.9) 

as the value of the second finger contact force required for 

translation. (The fact that the required value of C2 given by (1.9) is 

constant throughout the translation region will become important 

when implementation is considered.) The corresponding values for 

the magnitudes of the two contact forces to be applied by the fixed 

finger are given by 

-d5Cos(3 
C1 (di - d5)sin(a - (3) mg (1.10) 

and 

dicosP 
C5 (di - d5)sin(a - |3) mg 

(1.11) 
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1.3 Manipulation: The Quasi-Static Case With Friction 

Now the effects of friction on the translation solution are 

considered. Friction which exists at the contacts between the hand 

and the object is considered to be of the Coulomb type. Only one 

level of friction is assumed; there is no attempt made in this 

chapter to distinguish between "static" and "dynamic" friction 

effects. Contact force vectors still are assumed to be inwardly 

directed and to emanate from the contact locations. However, these 

vectors are no longer assumed to lie along the contact normals. 

Instead, a friction "cone" is assumed to be located about and to 

open inwardly along each contact normal, with the vertex of each 

cone located at the contact point. Such cones are shown located 

about the contact normals in the situation shown in Figure 1.6. The 

value of the angle between the contact normal and each side of its 

associated cone is equal to the inverse tangent of the coefficient of 

Coulomb friction, |ic> which obtains at that contact location. 

\ \  

\  

Figure 1.6: Motionless Object With Friction Contacts 
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In Figure 1.6, for instance, the values of the angles y and 8 

are functions of the friction coefficients which obtain at the 

relevant contact points. The exact manner in which the contact 

force vector rotates away from the normal at a given contact 

location is determined by the nature of the relative motion of the 

two bodies which are in contact. When there is neither actual nor 

impending relative motion at a given contact location, the actual 

rotation of the associated contact force vector is indeterminate. In 

this case, all that is known is that the contact force vector lies 

somewhere within the cone. 

The effect of the presence of friction on the translation 

region in the static situation is indicated in Figure 1.6. In the 

situation shown in this figure, the object is held motionless by the 

two fingers. It is guaranteed that object rotation can be prevented 

now if placement of the second finger contact causes the three 

friction cones to intersect disjoint segments of the vertical line 

along which the gravitational force lies. The translation region, 

shown again in bold black on the object's perimeter, is now a 

subset of the translation region that would be observed were no 

friction assumed in the 'same situation. 

When there is actual or impending relative motion between 

the bodies which are in contact, the contact force vector will be 

directed inwardly along one side of the friction cone. The vector 

will rotate so that its component which is tangent to the contact 

surface opposes actual or impending object motion. The translation 
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region that results in this case will generally be a version of the 

translation region that would be seen in the frictionless case 

except that the region will be shifted along the object's perimeter. 

Figure 1.7: Object Translation With Friction Contacts 

These general results regarding friction effects can now be 

used to plan hand activities that will result in object translation for 

the case in which there exists both friction and relative object 

motion at the contact locations. The now-familiar two-fingered 

grasp is shown again in Figure 1.7. The object shown is assumed to 

be translating upward and to the right. The velocities of the tip of 

the second finger and the object are indicated, respectively, by the 

vectors v_f2 and v_0. Sliding will occur at the point of contact 

between the object and the second finger; the object will move 

generally downward with respect to the tip of the finger. Because 

of the nature of the object's relative motion with respect to its 

contacts with both fingers, contact force vectors are rotated away 

from the contact normals and lie along the sides of the friction 
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cones as is shown in the Figure. A description of the relationships 

between moments and force magnitudes in the equilibrium 

condition for this situation is given by 

(1.12) 

cos(a+Y) cos((3+8) cos(a+Y) "cf " 0 ' 
sin(a+Y) sin(|3+8) sin(a+Y) C2 = mg 

1 C
L

 
I—

*
 

0
 

C
L

 
IM

 1 .C5. . 0 . 

This matrix equation can be inverted to solve for the 

magnitude of the second finger contact force required to offset 

gravitational effects in the translation case with friction as 

C2 = 
-cos(a + y) 

mg (1.13) 
sin(a + y - ((3 + 5)) 

This formula for the critical value of C2 is the same as the one that 

appears in (1.9) for the frictionless case except that the arguments 

for the sinusoidal terms are different. With friction present, the 

expressions for the values of the angles observed between the 

contact force vectors and the horizontal reference direction now 

each contain two terms. The angles a and p still are the angles 

observed between the contact normals and the horizontal. The 

angles y and 8 that now appear are the angles formed, between the 

contact force vectors and the normals due to friction effects. The 

expressions for the contact force magnitudes ci and C5 for the case 

with friction can be developed in parallel fashion by substitution 

of the appropriate expressions for the angles involved into 

equations (1.10) and (1.11). 
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It is noted again at this point that the hand activities 

planned include specification of both position and force 

trajectories. Implementation of the method will not, however, 

require explicit force control. Most dexterous manipulation 

schemes do rely on some form of closed loop control of both 

position and force. This is especially true of schemes designed not 

to achieve a secure grasp but to maintain such a grasp during the 

course of manipulation. Such approaches typically rely on 

squeezing to prevent object slipping; squeezing forces are 

explicitly controlled to prevent the object from being either 

dislocated or damaged due to force errors. The manipulation 

method presented in this study, however, does not rely on 

squeezing forces to maintain the grasp. Object slipping is typically 

prevented by the geometry of grasp forces. From the point of view 

of control of the hand-object system, forces to be supplied to the 

object by the hand can be treated as simple load offsets. Errors in 

the calculation or delivery of these offsets are less likely to result 

in catastrophe. The existence of sliding contacts at the points 

where the hand and the object make contact allows the system to 

"absorb" force errors by seeing such errors converted into position 

errors. The lack of a requirement for explicit force control makes 

the proposed method very attractive from the point of view of 

system control. 

As was mentioned earlier in this Chapter, translation and, to 

a lesser extent, tipping are the preferred forms of object motion. 
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The particular translation strategy described in this section, in 

which one finger is used to push an object up a ramp surface 

provided by a second, fixed finger is appropriately referred to as 

the "pusher" strategy. It will not be possible, of course, to use this 

particular strategy in all manipulation settings. Trinkle [1988] 

describes other ways in which the basic grasp planning concepts 

presented here can be used to develop manipulation solutions for 

situations which do not allow the particular tipping and translation 

strategies presented here. These two particular strategies, 

however, will be the strategies used in subsequent portions of this 

study which deal with implementation. 

1.4 Manipulation With Sliding Friction Contacts: An Example 

This section descibes use of the proposed manipulation 

method to achieve a set of desired object motions. A single robotic 

finger was used to tip a flat-sided object and then push the object 

up a fixed ramp. The ramp was designed so that inserts made of 

different materials could be used as the actual ramp surface on 

which the object slid during translation. This allowed investigation 

of the effects of different friction coefficients on object motion. 

The basic experimental setting is shown in Figure 1.8. The 

ramp surface was set at an angle of thirty degrees to the 

horizontal surface. Both surfaces were made of plexiglass. Teflon 

guides were provided along the edges of the ramp's sliding surface 

to prevent the object from rotating out of the plane during 

translation. The object, which was made of teflon, had a mass of 
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75.0 grams. The finger links were made of aluminum. The 

coefficients of Coulomb friction were experimentally determined to 

be .14 and .16 at the points of contact between the object and, 

respectively, the finger and the plexiglass surfaces. Friction 

between the teflon object and the teflon ramp guides (friction 

coefficient .04) was neglected in grasp planning. 

When first contacted by the finger, the object was initially at 

rest in the position shown in Figure 1.8. The first goal was to rotate 

the object clockwise about point Q until one of its sides lay flat 

against the ramp (see Figure 1.9). The finger was initially placed so 

that it contacted the object roughly two-thirds up the object's 

leftmost side. Tipping was to be performed by moving the finger 

from point A to point B. The resulting relative motion between the 

object and the fingertip would cause £2 to rotate clockwise from its 

contact normal in the manner shown in Figure 1.8. This would 

result in the moments about Q caused by £2 and the gravitational 

ramp 

Figure 1.8: The Tipping Solution 
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force to be of opposite sign, a condition required for the existence 

of the needed positive solution for C2 as given by (1.3). 

A complication arose during grasp planning if the location of 

fl, the contact force vector associated with the object's contact with 

the ramp, was assumed to be indeterminate due to the absence of 

relative motion between the object and the ramp during tipping. If 

the location of this force were indeterminate, then the force vector 

could lie along either side of its associated friction cone. A worst 

case analysis revealed that if the force vector were to be rotated 

clockwise away from the contact normal, then the magnitudes of C2 

required to beak the object's leftmost and the rightmost contacts 

with the surface would be, respectively, .41 and .26 Newtons. In 

other words, the rightmost contact would be broken first. This 

would not be the desired result. 

The tipping operation was successfully performed, however, 

because actual application of force by the finger to the leftmost 

side of the object established a clear sense of impending object 

motion up the ramp. This caused £2 to rotate clockwise away from 

its contact normal as shown in Figure 1.8. In this case, the value of 

C2 associated with the breaking of the leftmost contact stayed the 

same while the value required to break the rightmost contact was 

now calculated to be .79 Newtons. In other words, tipping could 

and did proceed as planned under these conditions. 

During actual implementation, the magnitude of the force 

offset actually supplied to the finger during performance of the 
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tipping maneuver was not computed according to (1.3). Instead, 

while the fingertip was commanded position-wise to move from A 

to B, the load offset supplied to the finger was linearly increased 

as a function of time from 0.0 to .79 Newtons, the latter value 

being the value of C2 given by (1.13) and required to offset 

gravitational effects at the outset of the translation phase. 

Naturally, fingertip position errors arose due to the use of this 

approach to compute and supply load offsets during tipping. 

However, the given situation was sufficiently insensitive to such 

errors to allow the tipping operation to be completed successfully. 

In situations more sensitive to such errors, determination of load 

offset values will have to rely to a greater degree on the results of 

application of the force analysis procedure developed above. 

After completion of the tipping maneuver, the object was 

positioned as is shown in Figure 1.9 ready for the onset of 

translation. The goal of the upward translation phase was to slide 

ramp 

) ) )  >  )  )  i )  )  n  >  / 1 )  )  M  )  \  )  

Figure 1.9: The Upward Translation Solution 
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the object slowly up the ramp to a point at which the finger was 

almost fully extended. Translation proceeded as the fingertip was 

moved between the points B and C shown in the Figure. The 

vectors vj2 and Vx> again indicate the relative velocities of the 

fingertip and the object. Relative object motion at its point of 

contact with the pushing finger again caused clockwise rotation of 

£2 away from its associated contact normal. As a result, across the 

course of the trajectory Q was located so as to allow translation. 

Application by the second finger of .79 Newtons of force in the 

direction shown in the Figure during position control of the finger 

resulted in successful performance of the upward translation 

phase. 

Following completion of the upward translation phase, the 

next task was to have the object translate back down the ramp. 

Prior to actually beginning downward translation, however, the 

fingertip was moved very slowly between the points C and D 

E 

ramp 

Figure 1.10: The Downward Translation Solution 
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shown in Figure 1.10. This maneuver served two purposes. First, it 

allowed the load on the finger to be shifted, in a manner that 

minimized the effects of backlash present in the finger drive 

system, prior to a reversal being made in the direction of 

translation. Second, its location at point D placed the finger contact 

point squarely in the middle of the translation region. This was 

important because the fingertip was then moved parallel to the 

ramp surface in between the points D and E shown in the Figure, 

meaning that no relative motion was expected at the point of 

contact between the object and the pushing finger. In the absence 

of this relative motion, the finger contact point had to be located 

well up the leftmost side of the object to guarantee that rotation 

would not occur. In this phase of object motion, the value of the 

load offset for the finger was calculated according to (1.13) with 

the assumption made that the finger contact force vector lay along 

its associated contact normal. Again, the translation solution was 

sufficiently insensitive to finger position and load offset errors to 

allow translation to proceed in spite of the position errors that 

arose due to the assumption made about the location of the contact 

force vector. In more sensitive situations, relative motion between 

the object and the finger would have to be realized in order to 

allow more accurate computation of load offsets based upon 

precise knowledge of the location of contact force vectors. Once the 

downward translation phase was completed, the manipulation 

operation was continued by reversing the tipping process 
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described at the beginning of this section. The object was finally 

brought back to its initial position of rest as shown in Figure 1.8. 

Figure 1.11: Demonstration of Use of the Pusher Strategy 

Figure 1.12: Demonstration of Tipping Combined With Sliding 



3 7  

Figure 1.11 is a photograph of the finger in the process of 

performing the upward translation phase of the manipulation 

operation described in this section. Figure 1.12 is included to show 

a picture of the finger performing a different task. In this 

situation, the finger was used to push an aluminum object up the 

fixed ramp in a way designed to cause tipping of the object as it 

slid. (The friction at the contact between the finger and the object 

in this case was enhanced by applying paper tape to the two 

surfaces which came into contact.) Tipping occurred as the finger 

contact point slid up the side of the object to a point at which the 

conditions necessary for translation to occur no longer held. 

1.5 Summary and Conclusions for Chapter One 

This first Chapter presents a recently proposed method for 

dexterous manipulation which focuses on the parts acquisition 

process and which takes advantage of sliding contacts between the 

hand and the object. The presentation of the method focused on 

the way in which hand activities can be planned which will result 

in object tipping and translational motion. Also included in the 

presentation was a description of an implementation effort in 

which the proposed method was used to plan a set of hand 

activities which, when executed, resulted in a manipulated object 

following a desired trajectory. 

The proposed method provides a link between a body of 

research focused on the manipulation of objects on flat work 

surfaces and large body of research on dexterous manipulation 
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which assumes a stable grasp from the outset. Use of the proposed 

method to plan hand activities is no more computationally 

intensive than use of other manipulation strategies. The method is 

quite attractive from a control point of view because explicit force 

control is not required. The focus of the method on the parts 

acquisition process allows it to serve a complimentary role with 

respect to other dexterous manipulation strategies. It certainly can 

have a place in the grasp repertoire of flexible end effectors which 

are used in the industrial setting. 
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CHAPTER TWO 

THE UCI ROBOTIC FINGER 

2.1 Overview of Finger Design 

The robotic finger used in this study was built at the 

University of California at Irvine (UCI). Side and a front views of 

the finger are presented in Figure 2.1. The basic design goal was to 

build a lightweight, modular finger with human-like link action for 

use in tactile sensing research. 

[ 

Figure 2.1: Side (left) and Front (right) Views of the UCI Robotic 
Finger (Figure courtesy of Leaver [1988]) 

The actuators and much of the signal-processing electronics 

are mounted on the box-like finger base housing. This modular 

design allows the finger to be used alone or in combination with 
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other fingers to form hands suited for use in a given application. 

This approach is in contrast to the one taken in the design of 

hands, such as the well-known hand built by Salisbury [1985], 

which are more monolithic in design. 

The design and operating characterisitics of the finger are 

described by Leaver [1987, 1988]. The most unique feature of the 

finger's design is the link drive system, which allows the three 

joints of the finger to be driven by only two actuators. 

(Throughout this study, use of the term "actuator" will refer to a 

motor-gearbox pair.) Drive torques are transmitted from the 

actuators to the link joints by means of a cable-and-pulley system, 

which functions so that each actuator drives a combination of the 

links. One actuator drives all three link joints; one degree of 

rotation at the actuator's output shaft produces one degree of 

rotation in the same direction at each of the three joints. In a 

similar fashion, the second actuator drives the two distal links 

only. 

The coupled link motion that results from the use of this 

drive system is in keeping with the goal to produce a finger with 

human-like movement. This is achieved in that the drive system 

yields freedom of motion for the most proximal link but coupled 

motion for the two distal links. This is generally the type of 

movement which the human finger performs. Use of two actuators 

yields two degrees of freedom for the finger. The human finger, in 

a sense, also possesses two degrees of freedom. However, the 
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human finger possesses added flexibility due to both joint 

elasticity and and to the presence of soft tissues along the portions 

of the finger which make contact with objects being touched or 

grasped. The original design of the UCI finger called for the 

addition of passive compliance into the link drive system. This was 

intended to introduce effective joint elasticity into the mechanical 

system to further allow the robotic finger to mimic the 

performance of human fingers in grasping applications. This 

particular feature, however, is not present in the fingers available 

for use in this study. 

Appendix A contains a description of the finger mechanism 

and its supporting hardware. A few of the more important 

features of the finger system are mentioned here. The actuators 

consist of small, permanent-magnet DC motors the output of which 

is passed through gearboxes which provide 1:172 speed reduction. 

Motor currents are supplied by analog servo control chips which in 

this application are configured to operate as linear voltage-

controlled current sources. Hall effect sensors, which are silicon 

devices that provide voltage outputs as a function of magnetic 

field effects, provide position feedback from the link joints. The 

output of these sensors is not linear: lookup tables are employed to 

convert feedback voltage signals to corresponding joint angle 

values. A 500 Hz analog lowpass filter is used to bandlimit the 

position feedback signals. No velocity feedback is provided. Force 

control, while not employed in the application discussed in this 
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study, is available, with actuator torque feedback provided 

through the sensing of tension in the drive cables. 

This Section contains the development of an inverse 

kinematic solution for the finger. The development is first 

considered for the case in which it is desired to specify the set of 

joint angles required to locate the fingertip at some arbitrarily 

chosen position in the workspace. The variables used in this 

development are defined with reference to Figure 2.2. 

Figure 2.2: Definition of Workspace-Related Variables 

In Figure 2.2, the finger is shown positioned in its planar 

2.2 An Inverse Kinematic Solution 



workspace. The Cartesian coordinate system for the workspace is 

defined by the vectors 2L0 and y.0- The angles 0], 02 and 63 indicate 

positive (counterclockwise) rotation of the links from the reference 

axes jci, x.2 and X3 shown in the Figure. The lengths of the first two 

links are equal and are given by L. The distance R and the angle r| 

locate the point P at the fingertip with respect to the axis of 

rotation and the vector x.3 associated with the third link. 

The inverse kinematic solution for the finger is more 

complicated than is usually the case for a manipulator with only 

two degrees of freedom. Efforts within this study to find a closed 

form solution for the general case have been unsuccessful. An 

iterative solution, however, does exist for the general case. 

Development of this solution begins with the observation that the 

angles 02 and ©3 are equal due to the coupled motion of the second 

and third links. If the desired location within the workspace of the 

point P is given by the Cartesian pair (x,y), then each of these two 

Cartesian coordinates can be described in terms of the joint angles, 

the angle T| and the lengths L and R. Such an expression is given 

for the x coordinate by 

x = Lcos0i + Lcos(0i+02) + Rcos(0i+202+"n) . (2.1) 

Likewise, an expression for the y coordinate is given by 

y = Lsin0i + Lsin(0i+02) + Rsin(0i+202+T|) . (2.2) 

The two equations above can be squared and summed to yield 
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X2 + Y2 _ (2L2+R2) = 2L2COS02 + 2LRCOS(02+TI) + 2LRCOS(202+TI), (2.3) 

which can be solved iteratively for the required value of 02. Once 

02 is known, equations (2.1) and (2.2) can be rewritten and 

combined in the form 

cos0i -sin0i 
sin0i cos0i 

a 
Lb. 

c 
LdJ 

(2.4) 

In the manner suggested by Wolovich [1985], this equation can be 

solved for the required value of 0i as given by 

01 = Atan2 
^ad - bc^ 

(2.5) ac + bd 
v / 

with Atan2 being the inverse tangent function which preserves 

individually the signs of the numerator and denominator of its 

argument. 

A closed form for the inverse kinematic solution does exist 

for certain cases. One such case occurs when the value of the angle 

r| is zero. This case is realized in the actual link drive system by 

adjusting the position of the third link in a way such that the point 

P lies along the vector >L3 shown in Figure 2.2. Equation (2.3) can 

now be rewritten as 

x2 + y2 - (2L2+R2) = 2L(L+R)cos02 + 2LR(2cos202-l), (2.6) 

which is a quadratic equation in the variable 

u = cos02 . (2.7) 



Equations (2.5) and (2.6) can be used together as a closed form 

inverse solution. Another situation which admits a closed form 

solution arises if a single contact with the object exists and that 

contact occurs on either of the two proximal links. Consider the 

case in which such a contact occurs at some point on the second 

link. Assume that the location of this point with respect to the axis 

of rotation for the link and the vector 2L2 can be described in terms 

of some distance L2 and some angle r| 2 • In such a situation, 

equation (2.6) becomes 

x2 + y2 - (L2 + l2
2) = 2LRcos(02+Tl2) , (2.8) 

which can be solved for 02 without iteration. This equation, along 

with some suitably modified version of (2.5), can then be used as 

an inverse kinematic solution. Also, use of two fingers to 

implement the "pusher" strategy, a manipulation strategy 

described in the preceeding Chapter, will not necessarily require 

use of the iterative solution. This is because the position of the 

fixed finger can be specified directly in terms of joint angles. 

2.3 A Dynamic Model 

In this Section, a dynamic model for the finger is developed. 

This model will be used later in this study in discussions of control 

issues and in the simulation of finger operation. Three important 

simplifying assumptions will be made prior to actual model 

development. The model of the finger that results will be adequate 

for simulation purposes. A more refined dynamic model, however, 
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may be required for use in actual implemention of any type of 

dynamics-based control scheme. Gravitational effects will be 

considered here along with dynamic effects. The effects of friction 

and load forces will be considered in later sections of this Chapter. 

First, it is assumed that the mass of the links is uniformly 

distributed along the vectors 2L1.2L2 and X3 shown in Figure 2.2. In 

the actual mechanism, of course, mass is not so uniformly 

distributed. Not only is the majority of the mass associated with 

the links accounted for by magnets, pulleys and bearings located 

at the joints, but the links themselves are shaped such that most of 

the link structure lies away from the vectors which are directed 

between the joint axes. This assumption concerning mass 

distribution yields simple inertia-related terms; the complexity of 

these terms will increase dramatically as the mass model is 

refined to meet control requirements. 

Second, compliance which does exist in both the links and 

the cable drive system, some of which is present by design in the 

force sensing subsystem, is neglected. This assumption of zero 

compliance raises concerns related to the accuracy and usefulness 

of the model which are in ways more serious than those raised by 

the mass-related assumption. This is because the mass model can 

be refined by increasing the amount of computation required in 

model development but without altering the basic form of the 

model. Not only are compliance effects more difficult to model in 

general, as is observed by Craig [1986a], but inclusion of these 
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effects will require a higher order system representation. Because 

of these concerns, compliance effects will be considered at a later 

time only if adequate finger control cannot be achieved through 

use of the compliance-free model. 

Third, backlash present in the actuator gearboxes is 

neglected. Backlash in the actual system is significant to the point 

that actuator replacement may be required if high control gains 

are to be used to increase system bandwidth. (Bandwidth 

limitations will be discussed in the following Chapter.) Although 

concerns over the effects of backlash on the performance of the 

finger control system will be discussed at times throughout this 

study, no attempt will be made in the course of discussing various 

control approaches considered for use with the finger to provide 

explicit compensation for backlash-related effects. 

The dynamic model for the finger is developed through use 

of a recursive Newton-Euler algorithm. This algorithm, formulated 

by Craig [1986a], is presented here with a focus on the force 

analysis procedures which underlie the algorithm and the way in 

which the finger's link drive system causes the individual joint 

torque equations produced by the algorithm to be summed at the 

actuators. The actual torque equations, expressed in both joint and 

actuator space, are presented in Appendix B. 

Consider Figure 2.3, in which the paired x and y direction 

vectors locate the reference frames j, Cj and j+1 with respect to 

link j. Frames j and Cj are assumed to be like-oriented. Model 
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development begins with a description of the relationships 

between the motion of some link j and the forces and moment 

vectors acting on that link. The "Newton" equation used here is the 

well-known one of the form 

fCj = mvq , (2.9) 

in which the vectors fqj and v. cj are referred to frame Cj and are, 

respectively, the force acting on and the linear acceleration of the 

mass center of link j. The corresponding "Euler" equation is 

HCj = Icj«j + coj X IcjCQj, (2.10) 

in which Icj is the inertia tensor for the link written with respect 

to the axes of frame Cj, ncj is the moment vector referred to the 

same frame which acts at the mass center of link j, and o>j and to j 

are the link's angular velocity and acceleration. 

«» 

-Ci 

Figure 2.3: Reference Frames for Link j 

Use of the dynamic modeling algorithm involves 
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performance of two recursive processes. First, link velocities and 

accelerations are translated outwardly from the first link to 

produce, in the case of each link, expressions for the relevant 

motion-related terms which appear in equations (2.9) and (2.10). 

Substitution of these terms into (2.9) and (2.10) produces 

expressions for the net force and the net moment vector acting at 

the mass center of each link. A second recursive procedure is then 

employed to transmit the effects of forces and moment vectors 

inwardly from the mass centers to the rotation axes, beginning 

with the most distal link. As a result, each joint torque is 

expressed as a function of link masses and lengths and joint 

positions, velocities and accelerations. 

The outward recursive procedure begins by observing that 

the angular velocity, (Oj+i, of link j+1 is given by 

filj+1 = + Sj+lZj+i . (2.11) 

In this equation, J+1Rj is the rotation matrix which orients frame j 

with respect to frame j+1, <lj + i is the angular velocity of link j+1 

about its axis of rotation and multiplication by the matrix Zj+i 

provides selection of the component of link angular velocity about 

axis zj+i. Angular acceleration, filj+i, of link j+1 is next given by 

filj+l = + J+1Rjcoj x e j+iZ j+i + 0 j+iZj+i . (2.12) 

With jjLj+i defined as the vector which locates the origin of frame 
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j+1 with respect to frame j, the linear acceleration of the origin of 

frame j+1 is expressed as 

vj+i = j+1Rj(mj X jjy+i + fl)j X(ffij X jgj+i) + vj) , (2.13) 

where v.j+i is the linear acceleration of the origin of frame j+1 

referred to that frame, and v_j is the linear acceleration of the 

origin of frame j referred to frame j. Finally, the linear 

acceleration, vcj , of the center of mass for link j referred to frame 

Cj is given by 

vcj =mj X j£q + "j X(coj X jgcj) + v j . (2.14) 

The results given in equations (2.11), (2.12) and (2.14) can be 

substituted into equations (2.9) and (2.10) to yield expressions for 

f.Cj + 1 and n_cj+i, which are the force and moment vector acting at 

the center of mass of link j+1. 

The second recursive procedure now translates the effects of 

these forces and moment vectors inwardly, beginning with the 

forces acting at the mass center of the most distal link. The force 

observed at the joint for link j is 

fj = jfij+l£j+l + fcj , (2.15) 

in which fj, fj+i and fcj are the forces acting at the origins of and 

referred to, respectively, frames j, j+1 and Cj. The moment vector, 

n.j, acting at the joint for link j and referred to frame j is next given 
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by 

nj = nq + JRj+inj+i + j^cj X fg + Jp.j+1 X jRj+ifj+i , (2.16) 

in which n_Cj and n.j+i are the moment vectors acting at the origins 

of and referred to the frames Cj and j+1. The resulting torque, ij, 

seen about joint j is then given by 

ij = njTZj, (2.17) 

with positive joint torques defined in the same direction as joint 

angles 9. 

This method can be used to develop a torque equation for 

each of the three joints. As Craig points out, gravitational effects 

can easily be taken into account by setting the linear acceleration 

of the first frame to the negative of gravitational acceleration. In 

the case in which the joints of a serial-link manipulator are 

individually driven, the set of joint torque equations can then be 

used directly to write a single matrix expression of the form 

M(0)a+V(0,0) + G(9) = Tjm . (2.18) 

In this matrix equation for the general case in which n is the 

number of link joints, M, is the (nXn) symmetric, positive definite 

inertia matrix, V_ is the (nXl) vector of Coriolis and centripetal 

terms, G. is the (nXl) vector of gravity effects, and Tjnl is the (nXl) 

vector of individual joint torques. In the case of the UCI robotic 

finger, however, link motion is coupled. As a result, the torque 

equations for the individual joints must be combined in actuator 
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space. Using the notation employed by Leaver [1988], the 

relationship between actuator angles and joint angles which arises 

due to the link drive scheme employed is expressed as 

Q= A 4i , (2.19) 

in which the coupling matrix A. is given by 

(2.20) A = 
1 0 
1 1 
1 1 

To determine the manner in which the individual joint torque 

equations are summed in actuator space, the work done at the 

actuators is equated to the work done at the joints. This produces, 

for the frictionless case, the virtual work equation 

SWork = TactTi5t - Tjnt
T&5t = 0 . (2.21) 

Substitution of the results of differentiation of (2.19) into this 

work equation yields an expression for the relationship between 

actuator and joint torques given by 

Tact = ATZjnt • (2.22) 

This relationship is used together with the relationship between 

joint and actuator angles given by (2.19) and (2.20) to rewrite 

matrix equation (2.18). The result for the UCI finger, now written 

in actuator space, is 



Mvm+ Y(W) + fl(V) = lact , (2.23) 

where M.(v)=A.TM.(6)A.T is still symmetric, positive definite and is 

dimensioned (2X2) and where vectors V., G_ and T.act all are 

dimensioned (2X1). Finally, with torques summed at the actuator 

output shafts, the actuator inertia is added to each diagonal 

element of the matrix M_- Once the expressions for friction and 

load force effects are added, (2.23) will serve as the dynamic 

model for the finger throughout the remainder of this study. 

2.4 A Friction Model 

A major focus of this study from this point on will be on 

friction effects. Certain design features of the UCI robotic finger 

lead to a relatively complex friction model. The goal of friction 

modeling is to produce a (2X1) vector F which contains expressions 

for the friction effects in the system and can be added to matrix 

expression (2.23) to complete the model of the unloaded finger. 

A single level of Coulomb friction was assumed in the first 

Chapter. From this point on, however, the magnitude of Coulomb 

friction is assumed to be velocity-dependent. As pointed out by 

Canudas [1987], while there is agreement that some form of 

velocity-dependence can be observed in the case of Coulomb 

friction, there is a lack of agreement in the literature regarding the 

exact nature of this dependence. In the classic model of Coulomb 

friction, two levels of friction exist. First, a "static" level of friction 

exists in the case where there is impending motion between two 
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bodies in contact. When the zero-velocity threshold is crossed, the 

magnitude of friction instantaneously switches to a lower, 

"dynamic" level. Gilbart [1974] and Walrath [1984] report that this 

transition between friction levels in fact occurs exponentially in 

the case of bearing friction observed in large, slow-moving 

systems. In keeping with these experimental results, the transition 

between levels is assumed for the remainder of this study to be 

exponential in form. As a compromise between the classic model 

and the research findings cited here, however, the rate of 

exponential decay is assumed to be greater than that reported by 

Gilbart and Walrath. 

Figure 2.4: Response of /ck to Magnitude of Velocity 

The Coulomb friction model, then, to be used throughout the 

remainder of this study assumes that the Coulomb friction 

variable, fck (units of torque), which is associated with the kth 

source of friction in the system, responds to the magnitude of the 

relevant velocity variable, \|/ , in the manner shown in Figure 2.4. 

The exact form of the assumed velocity dependence is given by 

i*i 



/ck(V) = /ckd +(/cks-/ckd) exp(-5l\]/I) , (2.24) 

in which /cks is the level of static friction associated with the kth 

source and /ckd is the corresponding dynamic friction level. The 

torque, ick, which arises due to Coulomb friction at the kth source 

is given by 

Ick = -/ck(Vk) sgn(vk) Zk ; \|/k £ 0 , (2.25) 

in which zj< is the axis of rotation about which this torque arises. 

As will be the case for all friction effects described in this section, 

the negative sign that appears in (2.25) indicates that the friction 

torque acts so as to oppose the relevant velocity. In the absence of 

actual or impending motion, the torque due to friction is assumed 

to be indeterminate, with this indeterminacy expressed by 

"icks Zk < Ick < ,/tks Zk ; Vk =0. (2.26) 

The building of the friction model for the UCI finger begins 

with a consideration of the friction associated with the actuators 

only. It is assumed that both viscous and Coulomb friction occur 

within the motors and gearboxes. The viscous friction torque, Tyvi, 

seen at the output shaft of the ith actuator is assumed to be 

linearly dependent on actuator motion and given by 

I /v i  =  ~/v i  ULi  .  ( 2 .27 )  

In this expression, fv\ is the viscous friction constant (units Nms) 
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associated with the ith actuator. 

The expression for the friction torque, i/cii, observed at the 

output of the ith actuator due to Coulomb friction within that 

actuator is given by 

1/cli = "/cli sgn(\j/j) Zacti; Vi V 0 , (2.28) 

in which z^cti is the ith actuator's axis of rotation. When velocity 

\|/i is zero, this friction torque is assumed indeterminate in the 

manner expressed by (2.26) for the general case. The value of the 

Coulomb friction variable, /cli, which appears in this equation is 

given by 

/cli(Vi) =/cldi + C/clsi-/cldi) exp(-5l\|/il) , (2.29) 

where /cisi is the static and fc\&\ is the dynamic level of Coulomb 

friction associated with the ith actuator. 

In addition to the actuator-related friction present in the 

system, there are also three identifiable sources of friction present 

at the link joints. All friction occuring at the joints is assumed to be 

of the Coulomb type. The first of these sources of friction is 

associated with a pair of drive pulleys located side-by-side on the 

first joint axle. These pulleys are shown in Figure 2.5. The axes x.0 

and xo shown in this Figure also appear in Figure 2.2 and define 

the workspace for the finger. Each of these pulleys is driven 

directly by a single actuator. The directions of rotation shown in 

Figure 2.5 indicate the rotation which each pulley exhibits in 
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response to positive rotation of the actuator which drives it. 

Figure 2.5: Counter-Rotating Drive Pulleys on Joint Axle One 

Friction arises at this source because these pulleys are in 

direct contact. The torque seen at the actuators due to friction 

which occurs at this source is determined by the static and 

dynamic levels of friction, /c2S  and /C2d. associated with the source 

and by the magnitude and direction of actuator velocities. The 

friction torque, i /C2i» seen by the ith actuator due to friction which 

arises at this source is given by 

!/c2i = -Zc2 sgn(\|/i + V |/2) Zacti ; V 1 + V 2  VO, (2.30) 

with friction indeterminacy again assumed in the zero-velocity 

case. Both acuators experience a torque of the same magnitude and 

direction due to the friction which occurs at this source. The value 

of the Coulomb friction variable associated with this torque is 

given by 

/c2(Vl, ¥2) = /c2s + C /c2s -/c2d) exp(-5l\|/i + \|/2l), (2.31) 

in which /c2S and /c2d are the static and dynamic levels of friction 
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associated with this source. 

A second, similar type of friction arises at the second and 

third link joints. This is because each of these two joints can be 

driven simultaneously by the two actuators. Friction arises as 

adjacent pulleys and link structures driven at different speeds or 

in different directions by the actuators rub together. The two 

souces of friction involved here, one at each of joints two and 

three, is treated as a single source. Related to friction which occurs 

at this source, the torques seen by the actuators are equal in 

magnitude but oppositely directed. The torque, i/c3i, seen by the 

first actuator due to this source is given by 

l /c31 = -/c3 sgn(yi - \|/2) Zactl ; Vl - V2 V 0 . (2.32) 

The torque seen by the second actuator due to the same source is 

given by 

l/c32 =/c3 sgn(\|/i - \|/2) Zact2 ; VI " V2 VO. (2.33) 

In the cases of torques given by (2.32) and by (2.33), friction is 

again assumed indeterminate in the zero-velocity case and the 

value of the Coulomb friction variable fc3 is given by 

/c3(¥l, ¥2) = /c3s + C/c3s-/c3d) exp(-5lyi - V1/2O • (2.34) 

The third identifiable source of friction associated with the 

link joints is bearing friction. The drive and idler pulleys in the 



link drive system are bearing-mounted and turn on fixed joint 

axles. The magnitude of torques due to joint bearing friction is 

considered to be small compared to the magnitude of torques due 

to other sources of Coulomb friction in the system. Also, the 

velocity-dependence of this bearing friction is of the form given 

between (2.28) and (2.29). For these reasons, these friction effects 

are not modeled separately. Instead, they are considered, from the 

point of view of system identification, to appear as additions to the 

torques l/cii defined in (2.28) and (2.29), which arise due to 

friction within the actuators themselves. 

The friction vector F produced by this modeling process is 

defined as 

P = I" "(l/v 1 + l/c 1 1 + l/c2 1 + l/c3 1) 1 0 3  

L "(l/v 2 + l/c 12 + I/c22 + l/c32) J 

This matrix is added to the right hand side of (2.23) to produce the 

matrix expression 

Mi + V + G +F = Tact , (2.36) 

which now will serve as a dynamic model of the finger in the 

unloaded case. The arguments of JVL and £ wiM be dropped 

from this point on to simplify notation. 

The effective complexity of the friction model depends 

upon the type of trajectory being executed. Consider the case in 

which the finger executes a trajectory which involves no reversals 
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of the relative direction of actuator velocities. In such a situation, 

all Coulomb friction seen by either actuator will appear to be 

associated with a single source. This trajectory-dependence of the 

friction model will be an important issue in later portions of this 

study which contain discussions of issues related to system 

identification and the accompanying need for persistent excitation. 

2.5 A Model of Load Effects 

Leaver [1988] has developed expressions for the actuator 

torques required to offset the effects of the application of 

translational forces to the links of the fingers. These expressions 

are load-related matrix products which can be added to (2.36) to 

complete the model for the finger in the loaded condition. Some 

detail is omitted as Leaver's development is outlined here. The 

actual finger Jacobian, referred to as J, is presented in full form in 

Appendix B. A 

Figure 2.6: Application of Load Force to Tip of Finger 

Consider Figure 2.6, in which a force £L is shown applied to 

the tip of the finger. In implementation of the "pusher" strategy, a 
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force such as £L will be applied to the tip of the pushing finger by 

the object being manipulated. To offset the effects of such a force 

and thereby maintain the desired position of the finger, a set of 

torques must be delivered from the actuators to the link joints to 

exactly offset the moments which arise at the joints due to the 

load force. 

Leaver calculates the actuator torques required through 

use of a work equation similar to (2.21). First, equations (2.1) and 

(2.2) are combined in matrix form. The result is differentiated 

with respect to time and the results of differentiation of (2.19) are 

substituted to produce 

in which J is the (2X3) finger Jacobian (expressed in terms of joint 

angles 0), A. is the coupling matrix of (2.20) and the (2X1) vector 

X contains the horizontal and vertical components of the 

translational velocity of the fingertip. If effects on the joints due to 

friction, gravity and inertia are assumed to be offset exactly, then 

the work done at the actuators can be equated to the work done 

by the force. This produces the virtual work equation 

X= J A Hi, (2.37) 

SWork = TiJiFSt - £LTX St = 0 . (2.38) 

In this equation, the (2X1) vector TL contains the actuator torques 

required to offset the load force, £L, which is defined as 
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(2.39) 

If the result given in (2.37) is substituted into equation (2.38) and 

the transpose of the result is taken, then the relationship between 

actuator load offsets and the known load force can be expressed as 

This vector of load torques, TL, can now be added to (2.36) to yield 

the full model of the finger in the loaded condition given by 

In the case where two fingers are used to implement the 

pusher strategy, the behavior of the fixed finger which serves as 

the ramp can also be modeled using a matrix expression of the 

from given in (2.41), except that two matrix products of the form 

given in (2.40) will have to be added to the model. One such 

product must be added for each of the two load forces exerted on 

the fixed finger by the object. In the case of the pushing finger, 

contact with the object will occur at the fingertip throughout the 

performance of manipulation. In the case of the fixed finger, 

however, the locations on the finger at which the two load forces 

are applied will vary as the object translates. This will require 

computation of two Jacobians which may even differ in structure if 

the contacts associated with the load forces occur on different 

links. 

lL = ATjTfL _ (2.40) 

M 4 L + V + G + F  =  T a c t  +  ! L  (2.41) 
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2.6 Summary and Conclusions for Chapter Two 

This Chapter introduced the robotic finger used to 

implement the proposed manipulation strategy. A dynamic model 

of the finger was developed which will be used in the remaining 

two chapters of this study to develop a dynamics-based control 

scheme for the finger and to simulate the response of the finger to 

known actuator torques when this control scheme is employed. 

Special attention was given in this Chapter to the development of a 

friction model. It was shown that a relatively complex model is 

required to account for friction effects which arise in the system 

due primarily to the nature of the drive scheme employed. 

Backlash and compliance known to exist in the actual finger 

system were neglected in the modeling process. Actuator 

replacement will be required to remedy the backlash problem in 

the actual mechanism. Otherwise, as is mentioned earlier in this 

Chapter, compensation of backlash-related effects is considered to 

be beyond the scope of this study. Compliance effects will continue 

to be neglected unless use of the compliance-free model fails to 

produce a controller which meets performance requirements 

during actual manipulation. 
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CHAPTER THREE 

FINGER CONTROL 

3.1 Control of Robotic Manipulators 

Wu [1985J observes that there are three general approaches 

taken to control of manipulators, with the type of approach taken 

in a given situation determined in large part by the nature of the 

work to be performed by the robot. First, position control is 

employed when the exact nature of the interaction between the 

end effector and objects in the workspace is not a primary 

concern. Such an approach is taken, for instance, when parallel-

jawed grippers are used to grasp rigid objects during performance 

of pick-and-place operations. Second, force control is employed 

when the manipulator is to apply a specified set of forces to some 

object. When pure force control is applied, correct positioning of 

those manipulator links which lie outside of the force control loop 

is assumed. Third, compliance control involves simultaneous 

control of the position of some subset of the manipulator's links 

and the forces delivered by those links. 

As was mentioned in the first Chapter, implementation of the 

sliding manipulation strategy considered in this study does not 

require explicit force control. Most dexterous manipulation 

strategies do, however, involve some form of force or compliance 
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control. Typically, such strategies involve the application of force 

control along axes which are associated with motion constraints. 

Consideration of the various methods used to implement force and 

compliance control is beyond the scope of this study. Force control 

issues will not be addressed except in a discussion, contained in 

the following Section, of the history of control of the UCI finger. 

Salisbury |1985| and Wu 119881 provide reviews of force and 

compliance control methods proposed in the literature for use in 

the dexterous manipulation setting. 

A large body of research literature exists which focuses on 

position control of manipulators. Recently published survey texts 

on the topic of robotics by Asada [1986], Craig [1986a] and 

Wolovich [1987] point out that most industrial manipulators are 

currently used to perform standard types of pick-and-place 

operations and are controlled using some relatively 

straightforward form of individual-joint PD (proportional-

derivative) or PID (proportional-integral-derivative) control. 

However, these authors go on to point out that as robots in the 

future will be expected to perform increasingly intricate 

maneuvers at higher speeds, use of the individual-joint control 

approach will give way to use of techniques which take dynamic 

coupling effects into account. 

Wu [1985] reviews the major approaches taken to 

manipulator position control which go beyond the individual-joint 

approach in terms of taking manipulator system characteristics 
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into account. He lists four major "pure position control" schemes 

that have been developed. First, in an investigation which focused 

on control of human prostheses, Whitney [1969] proposed the use 

of resolved motion rate control. In its simplest form, this method 

involves the use of the inverse Jacobian matrix to determine 

actuator velocity commands which will give rise to the Cartesian 

link velocities required for error reduction. Luh [1980] went one 

step further, specifying also the joint accelerations required for 

error reduction, with the corresponding correction torques 

computed through use of a Newton-Euler algorithm similar to the 

one presented in the preceeding Chapter. Along similar lines, Wu 

(1982| proposed the use of resolved motion force control. With this 

approach, Newton's Second Law is used to resolve the Cartesian 

forces acting on the links which must be realized by the actuators 

to provide the joint accelerations needed for error reduction. The 

corresponding correction torques to be realized at the joints are 

then derived from these Cartesian forces through use of the 

transpose Jacobian matrix. Meanwhile, Paul [1972] had introduced 

what was later to be called the computed-torque method. Paul's 

method, to be discussed in detail in later sections of this Chapter, 

involved direct use of the dynamic model of the manipulator in 

computation of the joint torques which must be realized for the 

manipulator to follow a specified trajectory. 

Adaptive control methods have also been proposed for use in 

manipulator position control, both as a way of dealing with lack of 
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accurate knowledge of system parameters and as a way of 

providing robots with the capability to handle widely varying 

loads. Craig [1986bJ provides an in-depth analysis of the large 

number of adaptive schemes proposed in the literature for use in 

position control of manipulators, schemes based on the application 

of both the model-reference and the self-tuning regulator 

approaches to adaptive control. Craig concludes that methods 

proposed to date either lack rigorous stability proofs or fail to 

adequately address issues related to persistent excitation and 

parameter variation. 

Less research has been done on other general types of 

position control methods in terms of their possible use in position 

control of robots. Slotine [ 1985J proposes use of sliding-mode 

control, with linearization of control laws performed in the vicinity 

of the sliding surface to deal with the potential chattering problem. 

Singh 11985J and Astrom [1988] describe manipulator control 

approaches which grow out of an explicit concern for robustness. 

Singh also lists certain other approaches taken which are based on 

optimization. 

3.2 The UCI Finger: Control History 

This Section provides a description of the two approaches 

used to date to control the UCI finger. Both the compliance control 

system purchased with the finger and the position control 

approach used to drive the finger in early implementation efforts 

will be discussed. This discussion will also serve to lay the 
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groundwork for the development, contained in the later sections of 

this Chapter, of a control scheme involving adaptive friction 

compensation. 

-*0: 
dig. lead 
lagcmp DACh^C> 

freq. domain 
KT KP+TI — —  T(s) 

actuator 

KdS 

finger 

ADC 

Figure 3.1: Original Compliance Control Scheme for UCI Finger 

The control system purchased with the fingers was designed 

to provide compliance control and was developed using ideas put 

forth by Salisbury [1985] and Wu 11985J. The approach involved 

the closing of a pair of control loops around each of the two 

actuators. First, torque control was achieved by the closing of an 

analog PID torque control loop around each actuator, with 

feedback provided by the sensing of drive cable tension. The 

purpose was to force the actuators to function more like ideal 

torque sources, given the presence of friction and compliance in 

the system. In the dashed box within Figure 3.1, a frequency-

domain representation of one such analog torque control loop is 

shown closed about one of the actuators. In the diagram, Td(s) and 

T(s) are, respectively, the desired and actual cable tension. 
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Second, a digital position control loop was closed around the 

outside of each torque control loop. This outer loop is shown in 

functional form in Figure 3.1, with the digital-to-analog (DAC) and 

the analog-to-digital (ADC) converters shown in place. The position 

set-point, \j/d, and the actual position, y, are expressed in actuator 

space even though position feedback was actually obtained at the 

link joints. A digital lead-lag compensator was placed in the 

forward path of this loop. This compensator delivered to the input 

of the tension controller the set-point, T<j(s), which was a function 

of both position error and the gains of the lead-lag compensator. 

This control scheme did not yield zero steady-state position 

error but did provide compliance control. This type of control was 

achieved in that the finger could be commanded to position its tip 

within the interior of some rigid object. Knowledge of the joint 

position errors likely to result in this situation, together with 

knowledge of the steady-state gain of the lead-lag compensator, 

could then be used to predict the force to be delivered to the 

object at the assumed point of contact. Leaver [1988] describes 

this control system and reports band widths of 22.0 Hz and 5.0 Hz, 

respectively, for the tension and position control loops. In the case 

of the reported bandwidth of the position control loop, 

measurements were made with one actuator directly driving the 

most proximal finger link only. Because this bandwidth was 

obtained with the two distal links removed and with the actuators 

decoupled, some doubt is raised about the relevance of the 
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reported position control bandwidth to a discussion of attainable 

bandwidth when operation of the fully assembled finger is 

considered. 

The analog tension control loop was removed prior to actual 

use of one of the fingers to implement the sliding manipulation 

strategy. This occured because, not only was force control not 

required for this application, but also because of problems that 

arose, related to uncontrolled oscillations and large steady-state 

position errors, when attempts were made to use the original 

control system to drive the finger. The digital control loop, 

however, was retained and modified for use in implemention of a 

straightforward individual-actuator PID position control approach. 

Provision was made for on-line calculation of gravity offsets. 

Rough attempts were also made to compensate for Coulomb 

friction. The manual position set-point system purchased with the 

fingers was supplemented by a system which allowed the finger to 

be driven by stored actuator angle trajectories, trajectories 

calculated through use of the inverse kinematic solution developed 

in the preceeding Chapter. 

For the remainder of this Section, the individual-actuator 

position control approach used to drive the UCI finger during 

performance of the manipulation procedure described in Section 

1.4 is discussed. First, a simple linearized model of the finger 

system to which this approach has been applied is developed, 

analyzed and simulated for demonstration purposes. The goal here 
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is not to provide simulation results which are considered to be 

highly accurate. Rather, the goal is to show in very general fashion 

how the actual control gains used were likely to have resulted in 

the observed stable finger operation and tracking performance 

sufficient to perform the desired manipulation task. Much of the 

analysis that follows is performed in the continous-time domain, 

even though control was implemented digitally. Craig [1986a] 

observes that estimation of the effects of sampling on manipulator 

control systems, because of the highly nonlinear and coupled 

physical systems involved, is perhaps not best performed by 

attempting to describe the entire system from the outset in the 

discrete-time domain. Instead, Craig suggests developing the basic 

system model in the continuous domain and then examining the 

effects of sampling by introducing into the model the appropriate 

signal delays at the time of simulation. This is the basic approach 

taken in this Section, with an attempt made to gauge the effect of 

sampling at the rate actually used in early implementation efforts 

on the stability of a simplified system model developed in the 

continuous-time domain. 

Development of the simplified continuous-time system 

mode! begins with consideration of the model of the loaded finger 

presented in the previous Chapter. This model is repeated here as 

M i + V +fl+F = laCl + ATJTfL ^ (3.!) 
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Assume that low-speed operation of the finger makes the velocity-

dependent torques given by V_ negligible, that torques due to 

gravity, friction and the load are offset exactly and that no other 

disturbances affect the system. Under such highly idealized 

conditions, the effective system model is given by 

I = M-i Tact • (3.2) 

The vector of applied actuator torques, Tact, contains the outputs 

of the error equations contained in the controller, with the outputs 

multiplied by the system feedforward gain Kc. In the actual 

control system considered here, the continuous-time equivalent of 

the error equation used in the digital controller to compute the 

output torque, xacti» for the ith actuator is given by 

Tacti = Kc[-Kd \|/i + Kp(\|/id - Yi) + Ki J(\|/id - \|/i)] , (3.3) 

where \|f\ is the actual and \\f\d is the desired position of the ith 

actuator and where Kp, Ki and Kd are, respectively, the 

proportional, integral and derivative control gains. 

A linearized version of the system model given in (3.2), with 

torque outputs for the actuators given by a pair of equations of the 

form given in (3.3), is now used to find the system poles and to 

simulate low-speed finger operation. First, the mass matrix for the 

system is calculated for the case in which the finger is fully 
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extended. The actuator angles which correspond to this case are 

given by 

V2 = -VI. 

which implies in turn that 

02 = 03 = VI + V2 = 0 

(3.4) 

(3.5) 

For this particular configuration of the links, as can be seen from 

viewing the dynamic equations for the finger which are presented 

in Appendix B, the system mass matrix is determined to be 

.001878 .000354" 

.000354 .001145. ' 
M = (3.6) 

This mass matrix, together with the control torque equations of the 

form given in (3.3), is then used to build a model in controller 

canonical form of the simplified system described by (3.2). This 

system is, in effect, linearized about the operating point associated 

with the full-extension configuration of the links. CTRL-C (System 

Control Technology, Inc., 1986), which is a software package for 

linear system analysis, is then used to find the eigenvalues of the 

system matrix which applies here. For the set of control gains 

(3.7) 

|~KP1 " 18.0 " 
Ki 3.0 
Kd —• 4.0 

-Kc- -.00047-
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used in the actual control system, the eigenvalues, s., of the system 

are found to be 

s = 

-.1720 
-.1727 

-.3791 ± 1.9778j 
— .8518 ± 2.7246jJ 

(3.8) 

These eigenvalues are those of a system prone to slow, 

oscillatory response. Obviously, system response could be sped up 

by utilization of higher control gains. Backlash and friction present 

in the actual system, however, limited the usable range of gains. 

Attempts to raise the value of the proportional gain above the 

actual value used resulted in chattering and instability, apparently 

due to backlash in the actuator gearboxes. Also, attempts to reduce 

oscillation by lowering of the integral gain below the actual value 

used were unsatisfactory because relatively strong integral action 

was needed to overcome friction. 

Simulation of the response of this simplified system to a pair 

of ramp inputs was then simulated in CTRL-C. Initially, the finger 

was assumed to be stationary and fully extended in the horizontal 

direction. In this situation, both actuator angles are initially 

defined as being zero. Torques due to gravity, friction, the load and 

Coriolis and centripetal effects are still assumed to be either 

exactly offset or negligible. The slopes of the two ramp inputs 

were of the same magnitude but were of opposite sign. Driving the 

actuators in this way allows full finger extension to be maintained 
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and proscribes the need to recompute the mass matrix at various 

points along the trajectory. The situation was simulated in which 

the actuators were driven in this manner for four seconds at a 

speed of two degrees per second. The set of commanded actuator 

trajectories used in this simulation, in terms of both configuration 

of the links and desired actuator speeds, is similar to the 

trajectories commanded during the middle portion of the upward 

translation phase of the manipulation procedure described in 

Section 1.4. 
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Figure 3.2: System Position Response to Ramp Inputs 

Results of this simulation are shown in Figure 3.2. The 

tracking responses of the first and second actuators are shown, 
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respectively, in the upper and lower portions of the Figure. The 

actual finger exhibited stop-and-go motion at various points across 

its trajectory when driven by the control system described above. 

The assumed cause of this was the combined effects of backlash, 

the oscillatory components of the system's eigenvalues and the 

switching back and forth of Coulomb friction effects between their 

static and dynamic levels. Obviously, the manipulation solution 

described in Section 1.4 was sufficiently insensitive to finger 

position errors caused by this stop-and-go type of motion to allow 

the manipulation operation to be successfully completed. However, 

the issue of how best to deal with friction effects during low-speed 

finger operation, especially given the finger's rather involved 

friction model, will be the focus of much of what remains of this 

Chapter. 

Kc 

Kd(z-1) 

Figure 3.3: Digital Position Control Loop About Isolated Actuator 

Now consider the effects on system stability of the sampling 

rate of 54.0 Hz used in actual implmentation of the control 

procedure described above. Figure 3.3 is a block diagram of the 



7 7  

digital position control loop closed around the firs: actuator. In the 

dashed box in the Figure, the position of the first actuator, \)/1 (s), is 

seen to be modeled in the Laplace domain as the output of a 

double integrator block. Here, the motion of the first actuator is 

considered in isolation. With coupling in the actual system 

neglected in keeping with this assumed isolation, the effective 

inertia, J', seen by the first actuator is taken to be equal to the 

upper leftmost element of the mass matrix specified in (3.6). The 

block diagram of Figure 3.3 shows that a uniform sampling rate is 

assumed throughout the system and the output of the controller is 

assumed to be passed through a zero order hold (z.o.h.). 

Computational delay is assumed negligible. The integration term 

contained in the digital controller shown in the diagram of Figure 

3.3 implements trapezoidal integration as is shown by Kuo [1980], 

In keeping with these assumptions, the pulse transfer function of 

the digital control system considered here, with system gains still 

assumed given by (3.7), can be shown to be given by 

Vl(z)  _ .001 (.7736z3 + ,0024z2 + .0012z - .7724) 
Vld (z) ~ z4 - 2.9900z3 + 2.9907z2 - l.OlOOz + .0093 ' (3  )  

The roots, z, of the denominator polynomial are given by 

z = 
.0094 
.9968 

L.9919 ± .0380jJ 
(3.10) 
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which indicates that the motion response of this actuator remains 

slow but stable when the 54.0 Hz sampling rate is applied. No 

further interpretation is attempted of these discrete-time results 

because of the extremely simplified system model used here. 

The latter half of this Section has focused on the control 

approach used to drive the UCI fingers in early implementation 

efforts. Substitution of the control equations and gains actually 

used into a simplified system model predicted a slow, somewhat 

oscillatory position control response for the system. This is the 

type of response actually observed, in that the finger was able to 

track slowly varying inputs, except that the finger at times 

exhibited stop-and-go motion. This hesitation was assumed due to 

the combined effects of low-speed operation, overshoot caused by 

the integral term in the control law and the switching of Coulomb 

friction effects between their static and dynamic levels. 

At this point, negative effects on the system's tracking 

performance due to friction and backlash are seen to be the 

dominant control concerns. In the following Section, a different 

control approach is considered for use with the UCI finger. This 

approach is selected because it can be modified to deal directly 

with friction and, to a lesser extent, backlash. The integral action 

involved in its adaptive friction compensation scheme, unlike the 

integral action provided by the standard PID approach, should 

work to reduce the tendency of the system toward oscillation and 

overshoot. This should occur as the adaptive scheme allows friction 
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to be compensated more accurately. In turn, this should reduce 

friction-related position errors which cause integrator buildup. 

Regarding the ability of the proposed control scheme to reduce 

backlash effects, it is assumed that any overshoot reduction that is 

accomplished will in turn result in fewer occasions arising on 

which reversal of the actuators is required to correct overshoot. 

3.3 Adaptive Computed Torque Control 

The control approach proposed here for future use with the 

UCI finger was proposed by Craig [1986b, 1987]. Basically, the 

approach involves use of the computed torque method, with 

system parameter estimates updated adaptively to correct position 

errors due to modeling inaccuracies. The approach seems well 

suited to use with the UCI finger because it allows adaptation of 

only a subset of the system parameters; full system identification 

is not required if some system parameters are known. In the case 

of the UCI finger, which is a relatively simple planar manipulator, 

it is believed that the dynamic model can be made sufficiently 

accurate with a reasonable amount of calculation. It is felt, then, 

that the model for the most part can be used directly in control 

implementation, with adaptation provided only for the friction 

coefficient estimates. In order to use Craig's method to compensate 

friction, it is necessary that the structure of the friction model, but 

not the actual value of the friction coefficients within that model, 

be known. While the model of friction developed in the preceeding 

Chapter is considered to be correct, the value of Coulomb friction 
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coefficients associated with the individual sources of such friction 

other than the gearboxes is not known. Craig's approach seems 

promising, then, in terms of its potential to deliver much improved 

friction compensation in this situation. Also, the fact that Craig's 

method does not require adaptive estimation of the mass matrix is 

advantageous here because such estimation would require 

acceleration information. Such information is unavailable in the 

case of the UCI finger because only position feedback is provided; 

use of filtered position feedback to obtain velocity information is 

risky enough. (Slotine [ 1988J proposes a similar control approach 

which involves a method for mass matrix identification which does 

not require acceleration information, but which is somewhat 

computationally intensive.) 

Use of the proposed control approach to drive the UCI finger 

is first considered for the case in which the finger is operated in 

the unloaded condition. Application of the computed torque 

method, on which Craig's adaptive approach is based, begins with 

consideration of the system dynamic model, repeated here again 

as 

Mi + V+ G+ F = Tact (3.11) 

Use of the computed torque method involves defining the vector of 

control torques, Tact, in a way so as to linearize and decouple the 

system. This is accomplished by making this vector the sum of two 
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terms. The first of these terms introduces PD-type error equations 

and is written as 

M(id + M R  + Kj2E)(x-) , (3.12) 
K c 

where Kd. and Kg. are diagonal (2X2) gain matrices, 3Ld is the vector 
A 

of desired actuator accelerations, M. is the mass matrix estimate, 
A 

K c is the feedforward gain estimate and E_ is the vector of position 

errors Q\ given by 

E = HLd - HL . (3.13) 

The second term used to form the control law needed here 
A A A 

contains the vectors Y.,G. and F. which are estimates of the 

corresponding vectors V, G, and F contained in the system model of 

(3.11). The effective control law applied to the system, then, is 

formed as the sum of the two terms described above and is 

written as 

laci = [ M. (id + KdE+KpE) + Y + G+F ] ( ) Kc . (3.14) 
K c 

This equation is shown here multiplied by the actual feedforward 

gain, Kc (units torque per DAC output division), of the system so 

that the output of the control law will have the desired units of 

torque. Assuming that the estimate of the feedforward gain is 
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correct, substitution of the control law given in (3.14) into the 

system model given by (3.11) yields 

i  =M'U M (id + KdE +K&E) - V - G - F ] (3.15) 

as the model of the system under computed torque control, with 
- A _  ̂

the matrix V. defined as (V.- V. ) and the matrices G_ and F defined 

in parallel fashion. 

Now consider the use of this control approach with the UCI 

finger. Because the magnitude of control gains that can be used 

with the finger is limited for the reasons discussed in Section 3.2 

and because low-speed finger operation is acceptable in present 

efforts to implement the sliding manipulation strategy considered 

in this study, assume that the target operating bandwidth for the 

system is set at 1.0 Hz. If in this situation the system model used 
A A A  A  

to calculate the estimates M_, V, G and F which appear in the control 

law of (3.15) is highly accurate, then the motion of the actuators 

will be decoupled. Also, disturbance torques due to modeling 

errors will be negligible. If under such conditions it is further 

assumed that values of the control gains are selected as 

[ Kp, Kd ] = [ 9.0, 6.0 ] , (3.16) 

then a nominal transfer function, G nom(s), given by 

Gn°m(s) = S2 + 6s + 9 (3>17)  
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can be written to describe the position response of each actuator. 

Because the (3dB) bandwidth for this nominal transfer function is 

approximately 1.2 Hz, use of the gains given in (3.16) within the 

new control system should allow the system to operate near the 

target bandwidth of 1.0 Hz in the absence of significant modeling 

errors. 

Use of the gains specified in (3.16) in a control approach 

based upon the computed torque method will result in application 

to the system of significantly higher effective control gains than 

were actually used in early implementation efforts. If this 

heightening of gains produces chattering or stability problems 

when combined with backlash in the system, then bandwidth 

expectations for the system will have to be reduced. For the 

remainder of this Chapter, however, it is assumed that the system 

will tolerate gains of the magnitudes shown in (3.16). 

The problem with the computed torque approach, a problem 

always mentioned in the literature when the method is discussed, 

is that estimates of the system matrices and gains are never 

entirely accurate. As a result, some residual coupling between 

control elements is retained due to errors made in estimation of 

the mass matrix. Also, errors made in estimating the matrices V_ , 

G. and F are excited by their being multiplied by the inverse of the 

mass matrix, as is shown in (3.15). When the standard computed 

torque approach is used, an integral term can be added to the 

control error equations to drive to zero steady-state errors which 
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are caused by these modeling errors. However, such an approach 

will tend to introduce oscillation and overshoot into the system 

response. This effect may be acceptable in the situation where 

basic position control of the manipulator is the goal. However, such 

oscillatory tendencies are viewed as being highly undesireable in 

the case of present implementation efforts. The goal here is more 

one of tracking control, where the desire is to have the finger 

follow very closely some slowly varying input trajectory. 

Craig's method assumes that the system structure assumed 

in development of the dynamic model is correct, even though the 

actual values of the parameters that appear in the model may not 

be known. Portions of the actual system structure may be omitted 

from the model only if those portions will not affect system 

performance in a given setting. In the case of effects due to 

mechanical resonances, for example, such effects may be neglected 

in the modeling process if the system is to be operated at 

frequencies away from those at which such resonances will 

appear. 

Craig's method provides the integral action needed to reduce 

errors that arise due to inaccurate estimates of system parameters 

through use of an adaptive identification scheme to correct such 

estimates. Craig begins presentation of his method by observing 

that the error equation for the system controlled by the standard 

computed torque approach is given by 
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E + K d E + K f i E  =  M ' K  M i + Y  +  G +  F  )  ,  ( 3 . 1 8 )  

_ A 

where M_ is the matrix defined as CM - M_ ). If the assumed 

structure of the system is correct and if there are r unknown 

system parameters, then any non-zero entries that appear on the 

right hand side of (3.18) can be attributed to errors made in the 

estimation of these parameters. Let <L be the (rXl) vector of 

parameter errors given by 

O = P - P , (3.19) 

A 
where P. is the vector of unknown parameters and the vector P. 

contains their estimates. The system error equation for the 

unloaded finger can then be rewritten as 

£ +KdE + K^E = M-1 WCP,i,i)0 , (3.20) 

in which the (2Xr) matrix W_ contains functions of the system's 

motion-related variables which premultiply the parameter 

estimation errors given by O. to define the disturbance torques 

experienced by the system due to modeling errors. 

Craig then uses Lyapunov stability theory to derive a 

parameter update law which preserves global system stability if a 

specified set of conditions exists. Craig's stability argument is 

discussed in the final Section of this Chapter. Here, the parameter 

update law is simply stated as 
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P = &WT M'1 Ei , (3.21) 

in which & is an (rXr) diagonal matrix containing positive values of 

the adaptation gains <g.. Here, E.1 is a vector containing terms which 

Craig calls the "filtered servo errors", with Ei given by 

E i  =  E + I E  ,  ( 3 . 2 2 )  

where I is a (2X2) diagonal matrix containing positive values of a. 

These values of a, both of which are equal in the present 

application, are selected in keeping with Craig's development such 

that the function 

s2 + Kds + Kp ' (3,23) 

which will serve as a filter for the parameter estimation scheme, is 

strictly positive real (SPR). (A function H(s) is SPR if, for some 

positive e, H(s-e) is real when (s-e) is real and if Re[H(s)]>0 when 

Re[(s-e)]>0). If the values of the control gains given in (3.16) are 

used, this SPR condition is satisfied by substitution of the value 

a = 0.6 (3.24) 

into the filter function given in (3.23). 

Because the friction parameters are considered to be the 

only unknown parameters in the system, the application of Craig's 

method here results in an error equation for the system given by 
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I +KdE + K&E = M'1 WfO f . (3.25) 

In this equation, Of is an (rfXl) vector which contains the errors 

made in estimation of the friction parameters and W f is a (2Xrf) 

matrix of functions which premultiply the friction parameters to 

define the friction torques in the system. Here, rf is the count of 

friction parameters considered to be unknown in the particular 

friction model assumed. 

In the development contained in the previous Chapter of the 

model of friction effects in the finger system, it was seen that four 

distinct sources of Coulomb friction existed. However, as was also 

mentioned in the course of that development, one senses 

intuitively that during periods of time in which all Coulomb effects 

are located at their dynamic levels the total Coulomb effect at a 

given actuator appears as if it is associated with a single source. 

The existence of several separate Coulomb sources in the system 

will be indicated to the actuators only if trajectories are executed 

which involve constant reversals of relative actuator velocities. 

This point is an important one. Trajectories to be executed by 

the tip of the pushing finger, for instance, in implementation of the 

"pusher" strategy described in the first Chapter, will typically call 

for movement of the tip of that finger along piecewise-linear 

Cartesian trajectories. Execution of such Cartesian trajectories will 

be accomplished by driving the actuators with angular trajectories 

which involve very infrequent reversals in relative actuator 
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velocities. As a result, use of Craig's method to control the fingers 

during implementation of the sliding manipulation strategy will 

allow adaptive identification of only those friction coefficients 

associated with a "reduced" model of friction, a model which sees 

one viscous and one Coulomb friction source associated with each 

actuator. Within this reduced model, the matrix of functions W f. 

shown in (3.25), will be given by 

Wf = 
\\f i 0 sgn(\|/i) 0 

0 \|/2 0 sgn(\j/2)_ 

(3.26) 

and will premultiply the vector 

£fT = [ /vl , /v2 , fc 1 , /c2 ] . (3.27) 

where / v j  and fcl are, respectively, the viscous and Coulomb 

friction parameters, the exact value of which is assumed unknown, 

which are associated with the ith actuator in the reduced friction 

model. 

Coulomb friction is treated somewhat differently here than it 

was treated in the second Chapter. In that earlier Chapter, in 

which the model of (2.35) of actual friction effects occuring in the 

system was developed, the magnitude of Coulomb friction effects 

was assumed to be velocity-dependent. In the development here 

of the reduced model to be used in the identification scheme, 

however, the magnitude of such effects is assumed constant. This 
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current treatment greatly simplifies the calculations required to 

implement the identification scheme. Also, because the model of 

actual friction in the system decays exponentially with velocity in 

very rapid fashion, the assumption of the constant Coulomb 

friction level should not introduce much error into the system, 

especially if the identification scheme is engaged only when 

actuator velocities are non-zero. The effects on system 

performance of the use in the identification scheme of both this 

assumption and the general assumption of the reduced friction 

model will be investigated in the Chapter that follows. In that 

Chapter, the situation will be simulated in which the adaptive 

controller which institutes these simplifying assumptions is used 

to drive the physical system in which the full friction model 

applies. 

The term persistently exciting is often used to describe those 

signals which, when applied to adaptive identification schemes, 

allow those schemes to yield parameter estimates the values of 

which converge to the true system values. Using the results of 

several researchers, among them Anderson [1977], Craig holds that 

the persistent excitation criterion for his identification scheme is 

met in the general case if the integral 

t o + P  

j ̂ dT^d dt (3.28) 
l0 
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is positive definite for all intervals of length p which occur over 

the course of execution of the desired trajectory. In this integral 

expression, W H is the matrix of functions, previously defined for 

the general case in (3.25), now evaluated at points along the 

desired trajectory between times t0 and t0+p. Craig's claim is that 

the matrix product integrand of (3.28) can be evaluated along the 

desired rather than the actual system trajectory because he has 

shown previously that system tracking errors converge to zero. 

The implication here for the use of Craig's method with the 

UCI finger is that the estimates of the friction parameters, given in 

(3.27), of the reduced friction model will converge to the true 

system values if the integral of (3.28) can be shown to be positive 

definite. In this case, the matrix product integrand is formed using 

the matrix W fn. which is the matrix of functions given in (3.26) 

associated with the reduced friction model and which can now be 

evaluated at points across desired trajectories. The integrand in 

question then becomes 

W FDT WFD = 

Vid2 0 lyidl 0 

0 V2d2 0 IV2d! 

'Vid' 0 1 0 

0 'V2dl 0 1 

(3.29) 
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In Appendix D, the integral of (3.29) is shown to be positive 

definite across intervals during which desired trajectories involve 

maintenance of non-constant actuator velocities. Execution by the 

tip of the pushing finger of the straight-line Cartesian trajectories 

required to implement the pusher manipulation strategy will 

involve constant changes in actuator velocities. Persistent 

excitation concerns will therefore be met if the identification 

algorithm described above is used to identify the four parameters 

associated with the reduced friction model. 

Consider now extending the use of this identification scheme 

to include correction of estimates of load-related parameters 

during implementation of the pusher strategy. Assume that it is 

desired to identify the angle 5, shown in Figure 1.7, the value of 

which is a function of the friction parameter associated with the 

contact between the pushing finger and the side of the object. In 

this situation it will be possible to identify the directed distances, 

fLx and fLy, associated with the horizontal and vertical components 

of the load force. These distances are defined by 

rfLxi cos(|3 + 8) 
-fLy- _sin((3 + 8) 

where the angle p is as shown in Figure 1.7 and the magnitude, C2, 

of the load force is given by (1.13). If the angle p is assumed to be 

constant, the relationships expressed in (3.30) imply that 8 can be 
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identified through use of the inverse tangent function, with fLx 

and fLy used to form that function's argument. 

If the decision is made to extend use of the adaptive 

identification scheme to include identification of 5, then the matrix 

of functions, Wi . to be added to the control structure will be given 

by 

WR = A.TJT , (3.31) 

where A_ and I are the coupling and Jacobian matrices which 

appear in (2.37). The matrix of functions, W_tot, for the entire 

system will then be given by 

wt0t = [  W F ,  W L  ]  •  ( 3 . 3 2 )  

The corresponding vector of parameters to be estimated, Ptot, will 

b e 

PtotT = [ EfT , fLx , fLy ] • (3.33) 

A CTRL-C routine was written and used to evaluate the positive 

definiteness of the integral of WLOTDTW TOTD across desired actuator 

trajectories corresponding to the execution by the fingertip of 

straight-line Cartesian trajectories. Results of this evaluation 

indicate that persistent excitation concerns will be met if the six 

parameters given in (3.33) are identified through use of the matrix 

of functions defined in (3.32) together with the parameter update 
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law, the form of which for the general case is given in (3.21), 

which is used in Craig's adaptive control approach. 

Further extension of the method to the case in which two 

fingers are used to implement the sliding manipulation strategy 

will require that a somewhat different approach be taken. During 

periods of object translation, the finger which serves as the ramp 

will remain stationary for relatively long periods of time. In this 

situation, the ramp finger's friction coefficients cannot be 

identified because the condition of persistent excitation will not be 

met. Also, lack of object position feedback will affect identification 

of load offsets associated with the ramp finger more than is the 

case with the pushing finger. When the pushing finger makes 

contact with the object at the finger's tip, the link contact location 

needed for calculation of the relevant Jacobian is given. In the case 

of the ramp finger, however, the points on the links at which the 

contact forces are applied are not known and must be estimated 

from knowledge of situational geometry used together with 

position feedback from the first finger. 

3.4 Stability and Convergence 

In this Section, Craig's [1986b, 1987] stability argument is 

outlined. Also, two topics related to the convergence of parameter 

estimates are addressed, the first of which is the process used to 

select the values of the adaptation gains. The second topic is the 

ability of Craig's identification scheme to track changes in system 
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parameters which are modeled as constants but which actually 

vary with position or with other system variables. 

Craig begins his stability argument by observing that 

construction of the error filter given in (3.23) allows us to write a 

filtered state error equation for the controlled system in the 

general case given by 

X = AX + BM-'WO ; 

Ei = CX , (3.34) 

in which A., B_ and C. are block diagonal and implement for the state 

errors, contained in the vector X_, which are associated with each 

actuator the transfer function shown in (3.23) which serves as an 

error filter. Because the transfer functions considered here are 

SPR, the matrices A., B. and C. in (3.34) satisfy 

AT P + £_ A = -<2 ; 

P_ B = C T ,  ( 3 . 3 5 )  

where P_ and Q_ each are (4X4) and contain on their diagonals a pair 

of (2X2) positive definite matrices. Craig chooses a Lyapunov 

function candidate 

V(X ,0) = XT P X + Ot  O , (3.36) 

with defined as in (3.21). After differentiation of (3.36) and 

substitution of (3.34), this process yields 
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V ( X , O ) = -XT Q X + 2^T ( WT M-iEi + ) . (3.37) 

This shows that the candidate Lyapunov function will be bounded 

and given by 

V ( X . O )  =  -XT<2_ X _ ,  (3.38) 

for the case in which the adaptation law is implemented as 

O = -P = -&WT M-i Ei . (3.39) 

Craig concludes that since X.T Q. X. is non-negative, all errors will 

converge to zero in the limit. 

Craig [1987] has shown that system state and parameter 

estimation errors converge to zero when the system structure is 

known and when persistent excitation requirements are satisfied. 

In discussing system robustness, Craig examines the effects on the 

system of bounded disturbances. Servo errors in the worst case 

are seen to converge to a bounded region near the origin. In the 

worst case for parameter estimation errors, however, because the 

update law (3.39) is driven directly by state errors, it may only be 

said that the estimates will remain within pre-established bounds. 

The error equation for the controlled system in which the 

adaptive estimation scheme which employs the reduced friction 

model is implemented can be written for the case of unloaded 

finger operation as 
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X 

O f _ 

in which the bock-diagonal matrices A., B_ and C. are those which 

appear in (3.35). The (8X8) error system matrix defined in (3.40) 

can be used to select appropriate values of the adaptation gains <p 

to be used in actual implementation. To begin this selection 

process, it is first assumed that the values of the motion-related 

state varibles associated with the physical system are given by 

[Vi» VI. ¥2. ¥2 ] = [ -50.0, 3.5, 55.0, -4.0 ] . (3.41) 

These particular variable values are chosen because they indicate 

low-speed finger operation at near-full extension, which again is 

the type of situation which will frequently arise in implementation 

of the sliding manipulation strategy. 

In order to investigate the response to various adaptation 

gain values of the dynamic modes of the error system, the roots of 

the characteristic equation for the system matrix defined by (3.40) 

can be determined when the system matrix is computed for 

various selected values of the adaptation gains. Figure 3.4 shows 

the locus of these roots when the variable values given in (3.41) 

are assumed. This locus is produced by holding the value of the 

adaptation gain <pc for the Coulomb friction parameters constant at 

1.5E-5 while the value of the gain cpv for the viscous parameters is 

varied from 1.0E-15 to 1.0E-3. 

A 

_ -KM^WfFC 

B M-iW 

0 

X 

Of 
(3.40) 
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In this locus, the direction in which the poles move in 

response to increasing the value of (pv is indicated by the arrows. 

There are a total of eight poles pictured in the locus, due to the 

order of the system matrix in question. The two complex pole 

pairs, shown grouped to the left in the Figure, are primarily 

associated with reduction of estimation errors within the 

identification scheme. These poles are seen to become highly 

oscillatory in response to selection of increasingly high values of 

cpv. The four real poles, two of which remain at the origin, are 

primarily associated with reduction of estimation errors within the 

physical system. The non-zero real poles do not appear to be very 

sensitive to the value of the adaptation gains selected. With the 
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value of <pc kept at 1.5E-5 and the value of (pv set at 1.0E-8, the 

eigenvalues s^rr for the error system matrix are determined to be 

Serr 

0.0000 
0.0000 
-.3902 
-.8670 

-2.8049 ± 1.3774j 
—2.5665 ± 2.6998j—1 

(3.42) 

The values of the adaptation gains used to obtain this set of 

eigenvalues will be used initially in the simulations, described in 

the following Chapter, of use of the control approach considered 

here to drive the UCI finger. At this point, these adaptation gain 

values are selected out of a concern to keep at a reasonable level 

the oscillatory content of the complex poles associated with the 

suppression of errors in the identification scheme. 

As can be seen from examining the error-system description 

given in (3.40), parameter estimate changes are driven by errors 

which exist in the physical states of the system. The two integrator 

poles, which arise in the system due to the implementation of the 

adaptive estimation scheme, limit the ability of the identification 

algorithm to track variations in system parameters which are 

modeled as being constants. This issue is important because the 

Coulomb parameters in the physical system are known through 

observation to be position-dependent. Some research has been 

done on the ability to track varying system parameters of 

identification schemes which employ least-squares estimation 



schemes. Niedzwiecki [1988], for example, develops the notion of 

"estimation bandwidth" in application of a weighted least-squares 

identification approach to a non-stationary linear system. Parallel 

analytical work is apparently lacking on the question of the ability 

of Lyapunov-based identification schemes, when applied to 

coupled, nonlinear systems, to track variations in parameters 

which are modeled as being constants. As will be demonstrated in 

the paragraphs which follow, Craig's method does not provide 

tracking of parameters which possess any significant frequency 

content. It might be said in defense of Craig's method that, at least 

in the case where friction parameters are modeled as constants 

but actually vary with position, that this is not so much a failure of 

the identification algorithm as an attempt to apply that algorithm 

to a system model based on erroneous structural assumptions. 

Accurate modeling of friction effects to include position 

dependencies and the like, however, would significantly increase 

the amount of computation required to implement the adaptive 

control approach. If it is the case that successful use of any method 

in a given application requires the development and maintenance 

of such models, it may be an indication that some other control 

approach should be considered or that the system itself needs to 

be reworked to reduce sensitivity to such variations. 

The control approach considered here will not track 

parameters whose values are position-dependent because, as is 

mentioned above, the identification scheme is driven primarily by 
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integral action. The adaptation law given in (3.21) is repeated here 

as 

£ =^WTM'1 Ei (3.43) 

Integration of both sides of this equation shows that the 

parameter estimates are altered basically through integration of 

the first-order error equations contained in E.i. Not only will this 

identification scheme fail to provide tracking of varying system 

parameters, but variation of a given parameter will affect 

estimates of other parameters in the system. 
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Figure 3.5: Bode Plots of /vi,/cl Response to fc\ Variation 
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These effects are demonstrated by first rewriting the system 

error equation given in (3.40) as 

X 

Ef 

A 
-Pf-J 

A 

0 

L££M-lWf)T£ 

B  M - ' W f  

0 

0 

B  M - ' W f  

0 

0 

X  

Pf 

A 
L-Pf-

(3.44) 

CTRL-C is then used to vary the value of f c \  by applying an input 

over a range of frequencies directly to fc\, which is contained in 

the vector Pf. Output is then taken at /vi and fc\, which are states 

within the identification subsystem. Bode plots of the frequency-

domain results are shown in Figure 3.5. Both estimates display the 

same phase characteristic in response to variation of the value of 

/cl at different frequencies. As expected, both estimates also 

display magnitude characteristics which indicate that only integral 

action occurs at frequencies below which the effects of the pair of 

negative real poles seen in Figure 3.4 are observed. The exact 

appearance of these plots, of course, is state-dependent. 

This discussion and demonstration of the identification 

scheme's inability to track varying system parameters is assumed 

to provide an explanation for why notions such as "estimation 

bandwidth" are not dealt with in the literature when Lyapunov-

based identification schemes are discussed, at least not when such 

schemes operate basically by applying integral action to first-
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order error equations. The approach here calls for accurate 

modeling of effects such as the position dependencies of friction 

parameters if the identification errors involved are likely to give 

rise to significant error-related torques in the system. Concern 

over such effects will be lessened if high control gains can be used 

to keep small the system errors which result from such modeling 

inaccuracies. 

3.5 Summary and Conclusions for Chapter Three 

The discussion which occured early in this Chapter of the 

methods used in the past to control the UCI finger indicated that 

the dominant control concerns are the effects of friction and 

backlash on system operation. To deal primarily with the friction 

problem, it was proposed that a computed-torque control approach 

be used which provides adaptive identification of system 

parameters assumed to be unknown. Because it is believed that 

the dynamic model of the finger can be made to be quite accurate 

with a reasonable amount of computation, it was decided to use 

directly in the control scheme the bulk of the finger model 

developed in Chapter Two and to attempt to identify only the 

friction parameters. 

Two potential problems became apparent when application 

of the proposed control scheme to control of the UCI finger was 

considered in detail. Both problems were related to a mismatch of 

sorts between the identification scheme and the finger's friction 

model. First, it was seen that identification could only be applied to 
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a reduced version of the finger's friction model in order for 

persistent excitation conditions to be met. Second, it was seen that 

the identification scheme will not be able to track changes in the 

friction parameters which are due to known position-

dependencies. The main question, then, is how this mismatch 

between the identification algorithm and the friction model will 

affect system performance. Hopefully, this question will be 

answered in large part in the following Chapter which presents the 

results of simulated use of the proposed control scheme to drive 

the UCI finger. 
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CHAPTER FOUR 

SIMULATION 

4.1 General Simulation Issues 

In the previous Chapter, an adaptive computed torque 

control approach developed by Craig [1987] was presented and 

proposed for use in controlling the UCI finger. This Chapter 

describes and reports the results of simulations performed to help 

determine how likely it is that this proposed adaptive approach 

will outperform non-adaptive versions of the computed torque 

approach which are implemented with PD- and PID-type error 

equations. The results of simulated use of these different methods 

to control the UCI finger will be compared qualitatively to 

determine which approach yields superior system tracking 

performance across simulated situations in which the finger 

system is subjected to the sorts of disturbances likely to affect the 

real finger. The control approaches will also be compared in terms 

of their tendencies to produce overshoot in the system. Overshoot 

is undesireable in this application because, if it results in actuator 

velocity reversal, then backlash and friction may work together to 

produce chattering and larger than expected system oscillations. 

This is especially true when the system is operated at the low 

speeds called for by the quasi-static assumption which underlies 
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the sliding manipulation strategy considered in this study. If the 

results of these simulations do not indicate obvious differences in 

the levels of performance delivered by the different control 

approaches considered, then the better-performing of the non-

adaptive approaches will be viewed as being the preferred method 

for use with the UCI finger. This is due to the increased costs that 

will accompany implementation of the adaptive scheme. 

The simulations to be discussed here occurred in three 

phases, each of which is discussed separately in one of the three 

Sections of this Chapter which follow. First, finger operation is 

simulated with the assumption made that the model possessed of 

the system is entirely accurate except for the model of the friction 

effects. Here, the basic ability of the adaptive and the non-

adaptive control approaches to deliver tracking performance in the 

face of disturbance torques that arise due to friction-related 

modeling errors is examined. The focus on friction-related effects 

in this initial round of simulations is in keeping with the emphasis 

placed on friction effects throughout this study. Second, use of the 

competing control approaches is simulated in an attempt to 

determine which of the methods is likely to perform best in 

response to application to the system of disturbance torques which 

arise in the system due to modeling errors in addition to those 

related to friction. Third, situations will be simulated in which the 

control approaches considered are used to drive a single UCI finger 
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as that finger performs sliding manipulation of an object up a fixed 

ramp. 

All simulations described in this Chapter were performed 

using ACSL (Mitchell and Gauthier Assoc. [1981]), which is a 

general-purpose simulation language for use with continuous-time 

system models. ACSL is used here within a shell provided by 

CTRL-C (Systems Control Tech. [1986]), a convenient arrangement 

which allows run-time alteration of simulation parameters and 

which makes graphical display of results immediately available. 

Appendix C of this study contains a copy of the ACSL program 

used to produce all of the results presented in this Chapter. 

The ACSL program used here possesses a key feature related 

to the treatment of friction effects. This feature focuses on zero 

crossings which occur in the actuator velocity variables and 

applies within the simulation both when the system is at rest at 

the outset of the simulation and when either actuator velocity is 

observed afterward to pass through its zero threshold. This feature 

is implemented in that when such boundary crossings are 

observed, the relevant actuator acceleration variable is zeroed 

until it is determined that the magnitude of applied torques (less 

those torques due to Coulomb friction) exceeds the static level of 

Coulomb friction torque experienced by the actuator in question. 

The identification of such zero crossings allows the integration 

algorithm to be applied so as to achieve minimal step size in the 

interval during which the zero threshold is crossed. The result is a 
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more accurate portrayal of system behaviour at and near the time 

at which the boundary is actually crossed. 

The simulation program used here is also written such that 

the Coulomb friction torques which are assumed to occur within 

the simulated physical system and the offset torques computed 

within the simulated controllers are calculated according to 

different models. The friction effects assumed to occur in the 

actual system are computed according to the "full" model of 

friction developed in Chapter Two. According to this model, there 

are two sources of viscous and four sources of Coulomb friction in 

the system. Also according to this model, Coulomb effects decay 

rapidly from their static to their dynamic levels, as a function of 

velocity, in exponential fashion. Within all of the simulated 

controllers, however, friction effects are computed according to the 

"reduced" friction model in which only two viscous and two 

Coulomb friction sources exist within the system. Also in the 

simulated controllers, only one level of Coulomb friction is 

assumed; no attempt is made to simulate the provision of friction 

torque offsets based upon a Coulomb model which includes both a 

dynamic and a static level. This latter approach is in keeping with 

the way in which friction offsets are often delivered in practice. 

Use of both of the simplifications noted here in simulations of 

controller activity will help to test the ability of the different 

control approaches to deal with the effects of the sorts of modeling 

errors likely to arise in actual implementation. 
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The numerical values of the friction parameters used to 

calculate Coulomb friction effects assumed to be occuring in the 

actual system were 

[/clls,/cl2s,/c2s,/c3s] = [-014, .016, .004, .006] (Nm) , (4.1) 

where /c11s>/c 12s>/c2s and/C3S are the static levels of friction 

associated with the system's Coulomb friction sources which were 

discussed in detail in Section 2.4. These values were selected so 

that the levels of Coulomb friction computed within the 

simulations would be on the order of Coulomb effects observed 

experimentally. In the simulated controllers, the initial estimate of 

the net Coulomb effect seen at both of the actuators was set at 

.012 Nm. This value was selected so that a reasonable amount of 

error would exist, at least initially in the case of the adaptive 

approach, in the estimates of the friction effects occurring in the 

system once all such effects settled to their dynamic levels. 

Regarding viscous friction, the values of the parameters 

assumed in the simulations to exist in the physical system were 

[ /vl,/v2 ] = [ -0045, .0055 ] (Nms) , (4.2) 

with /v i and/v2 being the viscous friction constants, described in 

Section 2.4, associated with the actuators. The estimates of these 

parameters in the case of both actuators were set equal to .0050 

Nms. Initially, both the actual viscous parameters and their 

estimates were set at a much lower level in keeping with the 
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feeling that the dominant friction effects in the system were of the 

Coulomb type. However, when the lower values were used, 

experimentation with a number of the integration algorithms 

available within ACSL failed to show that friction parameter 

estimates converged to zero when use of the adaptive control 

approach was simulated. Raising the value of these variables to the 

levels indicated here allowed estimate convergence to be much 

more readily demonstrated. 

4.2 Simulation: Friction-Related Disturbances Only 

In this Section, simulations are considered which were 

performed in keeping with the assumption that the model of the 

finger system given in (2.36), with the exception of the friction 

effects contained in the vector F_, was entirely accurate. It was 

further assumed that gravitational, Coriolis and centripetal effects 

were exactly compensated. With such idealized conditions 

assumed, the model of the unloaded finger system was rewritten 

as 

M £ +F = Tact • (4.3) 

The control approaches compared here have in common an 

equation for the actuator control torques, Xact> of the general form 

Tact  = M-[£d + ME + KgE_+ Ki JE]  +  F . (4.4) 
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With all three of the control approaches considered, the value of 

the proportional and derivative control gains used in all of the 

simulations reported in this Chapter were 

[ Kp, Kd ] = [9.0,6.0] , (4.5) 

with equal values of these gains used across simulations of the use 

of different control methods to ease comparison of results. 

Substitution of the general control law defined in (4.4) into the 

assumed model of the system given in (4.3) yields a general error 

equation for the controlled system given by 

E + Kd E + Kj)E + Ki JE = M-^F- F ) . (4.6) 

This equation, then, is the system description which underlies the 

simulations discussed in this Section. 

The control approaches viewed here differ along two 

different lines. First, Craig's method and the non-adaptive 

computed torque approach which employs PD-type error 

equations both set the value of the gain Ki to zero. The computed 

torque approach which uses PID-type error equations, of course, 

utilizes non-zero values of Ki. Second, the methods differ in terms 
A 

of how the elements of the vector of estimated friction torques, F, 

are computed. With the two non-adaptive approaches, this vector 

is computed according to 
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A 
F = 

Yi sgn(w) 

LV2 sgn(v2). 

A 

/ v  

A 

J C. 
(4.7) 

in which the values of the viscous and Coulomb friction parameter 
A A 

estimates, /vand/c, are respectively held constant at the values of 

.0050 Nms and .012 Nm indicated earlier in this Section. With 

Craig's approach, the same method shown in (4.7) is used to 

calculate the friction offset torques except that the initial estimates 

of the four friction parameters are altered over the course of the 

simulation according to the update law given in (3.21) with the use 

of W_f and the vector Pf given in (3.26) and (3.27). 

In the simulations discussed in this Section, the actuators 

were commanded to execute low-speed trajectories with constant 

angular accelerations. Initially, the system is assumed to be at rest 

with the initial actuator angular positions given as -90.0 and 100.0 

degrees, respectively, for \\f\ and \|/2- The desired trajectories were 

computed according to 

[*£ Id,'*'2d] = [3.6,-2.4] [step(t) - 2.0 step(t - 5.0)] (deg/s2) , (4.8) 

in which the step function is the unit step function, the output of 

which is equal to zero for times during which its argument is 

negative and equal to one at all other times. 

The response of the system to this desired trajectory was 

then simulated, the point being to have the actuators attempt to 
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follow a low-speed trajectory involving no reversals in relative 

actuator velocities. Figures 4.1 and 4.2 present the results of this 

first set of simulations. In the top portion of Figure 4.1, the 

position error observed at the first actuator is shown for cases in 

which the PD and PID forms of the computed torque control 

approach are applied. The results in the PD case, for example, were 

obtained by issuing within CTRL-C the command set 

acsl('set GOTRJl=1.0, TMX=9.0') 

acsl('set KI=0.0, CHIV=0.0, CHIC=0.0') 

[ERRPl]=start , 

where GOTRJl is a simulation variable which selects the trajectory 

(4.8), TMX establishes the length, in seconds, of the simulation 

interval, KI corresponds to the control gain Ki, CHIV and CHIC 

correspond to the viscous and Coulomb adaptation gains (pv and <pc 

and ERRP1 is the output variable defined as (\|/id"Vl)- Results in the 

case of use of PID control laws are obtained by setting, in the 

manner indicated in the command set shown above, the value of 

the variable KI to either 1.0, 3.0 or 5.0. 

In the case of use of the non-adaptive control approaches 

considered here, the poorest tracking performance is observed in 

the case of use of the PD approach. This comes as no surprise in 

that this approach provides no integral action to deal with the 

friction-related error torques deliberately introduced into the 

simulated system. The general conclusion to be drawn from 
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examining the results presented in this portion of the Figure is 

that tracking performance is improved with use of stronger 

integral action. 
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Figure 4.1: Position Error for First Actuator in Response to Desired 
Trajectory of (4.8) With Non- Adaptive (top) and Adaptive 
(bottom) Control Approaches (legend: (top) Ki=0, Ki=l, 

Ki=3, .... Ki=5; (bottom) (pv=E-8,cpc=1.5E-5, <pv=0.0,(pc=E-4, 
.... (pv=E-5,(pc=E-4) 

The lower portion of Figure 4.1 presents results for the case 

in which use of Craig's adaptive approach was simulated. The three 

plots which are shown describe again the position errors observed 

at the first actuator. The results shown here for the case in which 

the values of the adaptation gains <pv and (pc were chosen as .00001 
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and .0001 were obtained by issuing within CTRL-C the command 

set 

acsl('set GC>TRJ1=1.0, TMX=9.0') 

acsl('set KI=0.0, CHIV=1.0E-5, CHIC=1.0E-4') 

[ERRPl]=start. 

Parallel results for cases in which different values of the 

adaptation gains were assumed were obtained by resetting the 

values of the simulation variables CHIV and CHIC to the 

appropriate values. 

The solid-line plot in the bottom portion of Figure 4.1 shows 

the error observed when the adaptation gain values used are those 

values (<pv=1.0E-8,<pc=1.5E-5) selected in the previous Chapter, at 

which time the gain values were selected in order to keep at a 

reasonable level the oscillatory content of the poles associated 

with suppression of errors in the estimation scheme. However, the 

plot seen here of the response of the physical system when these 

particular gain values were used shows limited improvement in 

tracking performance over the plots obtained through simulated 

use of the non-adaptive approaches. Interestingly, the dashed-line 

plot shown in the same portion of the Figure presents the error 

observed when the adaptation gain for the viscous friction 

estimates is set to zero and the gain for the Coulomb parameter 

estimates is raised to .0001. Even in this case, when the adaptive 

control algorithm is forced to deal with the additional disturbance 
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torques that arise in the system due to the failure to compensate 

viscous friction effects adaptively, significant tracking 

performance improvement is seen as compared to the results 

obtained when use of the non-adaptive control approaches is 

simulated. Finally, the dotted-line plot in the lower portion of the 

Figure shows the results when the adaptation gain for the viscous 

parameters is set at .00001 while the value for the other 

adaptation gain is held at .0001. Clearly, the tracking performance 

seen here is far superior to that obtained through use of any of the 

non-adaptive approaches. It also appears that, at least under these 

highly idealized conditions, this increase in tracking performance 

comes without too much of a price being paid in terms of increased 

frequency of overshoot. When these higher values of the 

adaptation gains are used (<pv=.00001,<pc=.0001), the roots of the 

characteristic equation for the error system matrix, defined in 

Figure 3.4, are found to be 

&err — 

0.0000 
0.0000 
-.5413 
-.5761 

-2.7323 ± 6.99074j 
—2.7123 + 11.6735.H 

(4.9) 

The conclusion here, upon reconsideration of the error-system root 

locus of Figure 3.4, is that the increased response speed for the 

physical system which results as the pair of negative real poles 
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moves to the right in response to increasing the value of the gain 

(pv justifies the use of the higher adaptation gain values. 
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Figure 4.2: Estimation Error for Viscous (top) and Coulomb 
(bottom) Friction Parameters Associated With First Actuator 
(legend: <pv=E-8,<pc=1.5E-5, —(pv=0.0,<pc=E-4, .... (pv=E-5,cpc=E-4) 

Figure 4.2 presents friction parameter estimation errors 

observed during performance of the same simulations used to 

produce the plots shown in the lower portion of Figure 4.1. For the 

case in which the values of .00001 and .0001 are used for (pv and 

<pc, the results shown here were obtained by using the command 

set 

acsl('set GOTRJ 1=1.0, TMX=9.0') 
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acsl('set KI=0.0, CHIV=1.0E-5, CHIC=1.0E-4') 

[VFlH,VFl,CFlH,CFMl]=start , 

where VF1H, VF1, CF1H and CFM1 are, respectively, the output 

variables, all of which are associated with the first actuator, for the 

estimated and actual values of the viscous friction parameter, the 

estimate of the Coulomb friction parameter and the actual Coulomb 

friction torque. In the upper and lower portions of Figure 4.2, the 

trajectories of errors made in the estimation of the viscous and 

Coulomb friction parameters associated with the first actuator are 

shown. These trajectories are obtained by plotting the differences 

(VF1H-VF1) and (CFlH-abs(CFMl)), where the abs function is the 

standard absolute value function. It is seen that, as expected, the 

estimation errors converge much more rapidly when higher 

adaptation gains are used, even though such convergence occurs in 

a highly oscillatory manner. 

The simulation results presented in this Section demonstrate 

that the adpative computed torque method has the potential to 

deliver tracking performance far superior to that delivered by 

non-adpative computed torque approaches, at least under the 

operating conditions assumed here. Furthermore, the dramatic 

improvement in tracking performance observed with use of the 

adaptive approach appears to come without an accompanying 

increase in the general tendency of the system toward overshoot. 

In the Sections that follow, it will be seen if the performance 
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improvements observed here in the results of simulated use of the 

adaptive approach are maintained under less ideal operating 

conditions. 

4.3 Simulation: Additional Disturbances 

In this Section, the performance of the finger will be 

considered only in cases in which it is controlled either with use of 

Craig's adaptive scheme (<pv=.00001 ,cpc=.0001) or with the PID 

computed torque approach (Ki=3.0 or 5.0). Unless otherwise noted, 

the friction models and parameters used here to calculate the 

value of friction-related variables in both the physical system and 

in the simulated controllers are the same as the models and 

parameters used in the preceeding Section. Robustness of the 

competing control approaches will be examined here to 

disturbances caused by execution of the finger of non-standard 

trajectories likely to cause halting motion, to variation in 

parameters assumed to be constant and to errors made in 

estimation of both link mass values and actuator inertias. 

The first situation simulated here is one in which the finger 

is commanded to execute a trajectory which causes actuator 

velocities to pass through zero at times during the course of the 

simulation. In such a situation, Coulomb friction effects are likely 

to switch back and forth between their static and dynamic levels. 

In this setting, the performance of the adaptive scheme relative to 

the non-adaptive approaches is expected to be degraded. This is 

not only because the relevant parameter update laws are 
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disengaged when actuator velocities are determined to be zero, but 

also because achievement of changes in relative actuator velocities 

changes the value of the effective Coulomb friction level seen at 

the actuators. The desired trajectory for the actuators is 

determined in this case according to 

^ id = 3.6 [step(t) - 2.0 step(t - 5.0)] (deg/s2) ; 

2d = -2.4 cos(t) (deg/s2) . (4.10) 

6 0 .  8 0 .  1 0 0 .  1 2 0 .  1 4 0 .  1 6 0 .  1 8 0  
TIME CSEC-10)  

Figure 4.3: Velocity (top) and Position Error (bottom) of Second 
Actuator in Response to Desired Trajectory (4.10) With PID Control 
Approach (Ki=3) 

Figure 4.3 contains plots for the velocity of and the position 

error observed at the second actuator when the situation is 

simulated in which the PID computed torque approach is used to 

drive the finger system for 16.0 seconds. These results were 

obtained with use of the command set 
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acsl('set GOTRJ2=LO, TMX=16.0') 

acsl('set KI=3.0, CHIV=0.0, CHIC=0.0') 

[V2,ERRP2]=start, 

within which the simulation variable GOTRJ2 selects trajectory 

(4.10) and the output variables V2 and ERRP2 are the velocity and 

the position error, defined as (\|/2d"Y2)> observed at the second 

actuator. 

The plot of V2 seen in the top portion of Figure 4.3 indicates 

that the second actuator hesitates at times over the course of the 

simulation as that actuator's velocity passes through zero in the 

face of the Coulomb friction effects in the system. Figure 4.4 then 

shows the results for the second actuator of applying the same 

desired trajectory when Craig's control method is used. The results 

presented here were obtained through use of the command set 

acsl('set GOTRJ2 = 1.0, TMX=16.0') 

acsl('set KI=0.0, CHIV=1.0E-5, CHIC=1.0E-4') 

[V2,ERRP2, VFM1H,VFM1 ,CFM 1 H,CFM 1 ]=start. 

Within this command set, the output variables VFM1H, VFM1, 

CFM1H and CFM1 represent, respectively, the estimated and actual 

viscous friction torque and the estimated and actual Coulomb 

friction torque. 
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Figure 4.4: Velocity (top), Position Error (one down), Viscous 
Friction Torque and Estimate (two down) and Coulomb Friction 
Torque and Estimate (bottom) at Second Actuator in Response to 
Desired Trajectory (4.10) With Adaptive Control (legend: .... 
estimated, actual) 

In this case it is seen that the tracking performance 

delivered by the adaptive approach is no longer far superior to 

that delivered by the non-adaptive approach. In the lower two 

portions of the Figure, the actual viscous and the actual net 

Coulomb friction torques observed are shown along with their 

estimates obtained through use of the adaptive identification 

scheme. The results presented in Figures 4.3 and 4.4 are taken 

together to illustrate the point made in the preceeding Chapter 

that the adaptive scheme is best suited for use in situations where 
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the trajectories involved include no reversals in relative actuator 

velocities. 

The next simulation considered here was performed to 

demonstrate the inability of Craig's adaptive identification scheme 

to provide estimates that track actual friction parameters which 

vary with position. The desired trajectory given in (4.8) was again 

used in a simulation of finger motion over a 9.0 second time 

interval. In this instance, however, the value of the static Coulomb 

friction parameter associated with the first actuator, /ciis> w^s 

varied over time according to 

/clls(0 =/clls (1-0 + 0.1 cos(t)) . (4.11) 

Figure 4.5 shows the results of the simulations performed 

here in terms of both position and parameter estimation errors. 

These results were obtained through issuing within CTRL-C the 

command set 

acsl('set GOTRJ1=LO, GOVRF=LO, TMX=9.0') 

acsl('set KI=0.0, CHIV=1.0E-5, CHIC=1.0E-4') 

[ERRP1 ,VF1 H,VF1 ,CF1H,CFM1 ]=start , 

where the simulation variable GOVRF now implements (4.11). The 

trajectories seen in Figure 4.5 were produced, using the output 

variables shown in the command set above, using the same 

approach used to obtain the trajectories shown in Figure 4.2. 
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Figure 4.5: Position Error (top), fv\ Estimation Error (middle) and 
/ell Estimation Error (bottom) at First Actuator in Response to 
Desired Trajectory (4.8) With Adaptive Control and With 
Sinusoidal Variation According to (4.11) of /Cns 

In the lower portion of Figure 4.5, it is seen clearly that the 

error in estimation of the net Coulomb parameter observed at the 

first actuator responds quite readily to the variation in the actual 

system parameter. In other words, no tracking occurs. However, 

the estimate of the viscous friction parameter also responds to this 

variation in the actual Coulomb parameter. The combined effect of 

the two oppositely-directed estimation errors is to produce offset 

torques which keep the position error of the actuator at a 

relatively low level. 
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The final set of simulations considered in this Section were 

performed under the assumption that the variation in the value of 

the friction parameter just discussed still applies and that further 

system modeling errors exist in that the estimated values of the 

actuator inertias and the link masses are in error. Specifically, it is 

assumed that there is a five percent error in each of the inertia 

estimates and a ten percent error in each of the link mass 

estimates. Simulations were performed here of operation of the 

finger under control of both the PID and the adaptive approaches. 

In both cases, the general equation which describes the behavior 

of the finger in this situation is 

£ =M-1[M.(id + ME+K£E + Ki Je ) - V -G -F ] . (4.12) 

In this equation, the vectors V., G and F now all contain non-zero 

entries due to the introduction into the system of the modeling 

errors described above in addition to the friction-related modeling 

errors developed in the previous Section. These entries now create 

disturbances within the system when excited by their being 

multiplied by the inverse of the mass matrix as is shown in (4.12). 

Furthermore, some residual system coupling remains due to errors 

made in the estimation of the mass matrix. The point of , the 

simulations discussed here was to determine the likely effect of 

these additional disturbances on the tracking performance of the 

system when it is controlled by the different control methods. 
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Figure 4.6: Position Error (top), /vi Estimation Error (middle) and 
/cii Estimation Error (bottom) at First Actuator in Response to 
Desired Trajectory (4.8) With PID and Adaptive Control (legend: 
(top) adaptive, — Ki=3, .... Ki=5) 

The simulated response of the system under these conditions 

is shown in Figure 4.6. The results shown in this Figure were 

obtained, in the case of simulated use of the adaptive control 

approach, through use of the command set 

acsl('set GOTRJ 1=1.0, GOVRF=LO, TMX=9.0') 

acsl('set KI=0.0, CHIV=1.0E-5, CHIC=1.0E-4') 

acsl('set M1H=.0173, M2H=.0306, M3H=.0167') 

acsl('set JMTR1H=.001235, JMTR2H=.001365') 

[ERRPl,VFlH,VFl,CFlH,CFMl]=start . 

—  0 . 5  
C D  
L U  a 

CL 
(X at UJ 

o. 

- . 5  0 
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Within this command set, MIH, M2H and M3H are the estimates of 

the finger link masses, the true values of which are .0157, .034 

and .0152 (units Kg). The variables JMTR1H and JMTR2H are the 

actuator inertia estimates, the true value of which is assumed to 

be .0013 in the case of both actuators (units Kgm2). 

In the top portion of Figure 4.6, the tracking performance 

provided by the adaptive approach is again observed to be far 

superior to that provided by the PID approach applied with either 

3.0 or 5.0 used for value of the gain Ki. In the lower and middle 

portions of the Figure, friction parameter estimation errors are 

shown to be apparently still dominated by the variation, defined 

in (4.11), introduced in the value of the Coulomb friction 

parameter associated with the first actuator. The simulation 

results described in this Section point to the same general 

conclusion arrived at in the previous Section. That conclusion is 

that, given the type of trajectory likely to be encountered in 

implementation of the sliding manipulation strategy, it appears 

that the adaptive approach will outperform non-adaptive 

computed torque approaches in terms of tracking performance 

when used to drive the unloaded UCI finger. In the Section that 

follows, it will be seen if the same claim applies upon examinaion 

of results of finger operation during manipulation. 

4.4 Simulation: Dexterous Manipulation With Sliding Contacts 

The simulations discussed in this Section were performed to 

help determine the likely tracking performance to be delivered by 
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the finger when it is driven by the competing control schemes 

during performance of sliding manipulation. Most of the discussion 

here will focus on situations in which Craig's adaptive computed 

torque approach ((pv=.00001 ,<pc=.0001) is used. For purposes of 

comparison, however, some results will be shown from simulated 

use of the PID approach (Ki=5.0). 

The manipulation setting assumed is one in which the finger 

is used to push the object up a fixed ramp set at an angle of 30.0 

degrees to the horizontal. It is assumed in all of the simulations 

described here that the translation solution is maintained, which 

implies that no object rotation occurs. It is further assumed that 

the finger and the surface on which the object slides are made of 

the same materials, which implies that the angles y and 5 are equal 

in magnitude. These angles are shown in Figure 1.7 and appear in 

the equation 

-cos(a + y) 
C2 = sin(a + y - (P + 5)) mg ' (4-13) 

which gives the value of the magnitude, C2, of the contact force to 

be supplied by the pushing finger to maintain translation. The 

actual values of angles y and 8 were both set at 9.5 degrees, while 

the estimated values of these angles used in the simulated 

controllers were set at 8.0 degrees. This additional modeling error 

is introduced to further simulate the effects on system 

performance of the types of modeling errors likely to be made in 
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the course of actual implementation. As the values of these two 

angles are a function of load-related friction effects, the 

introduction of this error is also in keeping with the focus placed 

throughout this study on the effects on system performance of 

friction modeling errors. The desired trajectories used to drive the 

actuators in the simulations reported in this Section were 

calculated according to 

ild =al (1.0 + bl sin( j t )) (deg/s2) ; 

i.2d =a2 (1.0 + b2 sin( jt) + c2 sin( jj-t ) )) (deg/s2) . (4.14) 

The Cartesian trajectory, in meters, executed by the tip of the 

unloaded finger, when the finger is assumed to be controlled by 

the adaptive approach, in response to application of this desired 

trajectory across 4.0 seconds is shown in Figure 4.7. Execution of 

this desired Cartesian trajectory by the fingertip will cause 

reversal at times in the relative motion of the fingertip with 

respect to the side of the object. Such reversals will in turn cause 

the contact force vector associated with the finger contact to move 

from one side of its associated friction cone to the other in the 

manner described in Section 1.3. In the simulations considered 

here, this shift of this contact force vector will cause a significant 

change to occur in the actual value of C2- Thus, the simulations 

performed here will be "worst case" in the sense that the adaptive 
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scheme will be forced to deal- with effective discontinuities in the 

load force magnitude. 

-.110 

- . 1 1 5  

-.120 
r 

v 
- . 1 3 0  

X TM) 

Figure 4.7: Desired Cartesian Trajectory for Fingertip Used in 
Manipulation Simulations (trajectory expected to occur over 4 sec.) 

The geometry of the manipulation setting assumed here is 

similar to that of the situation depicted in Figure 1.7. The values of 

the angles a and (3 shown in that Figure are given here as 120.0 

and -7.0 degrees, respectively. The mass, m, of the object is 

assumed to be .075 Kg. All friction-related models and parameters 

associated with the finger mechanism itself are assumed to be 

indentical to those used in the previous Sections of this Chapter. 
A A 

The estimates, ftx and fLy, provided by the identification scheme of 

the directed distances related to the horizontal and vertical load 

force components are used to compute the (2X1) vector of torque 

offsets supplied by the simulated controllers according to 
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( 4.15) 

where A and J_ are the coupling and Jacobian matrices defined in 

(2.37). Corresponding to an initial estimate of c2 of .75 N, the initial 
1\ 1\ 

values of fLx and fLy were set respectively at .6 and .01 N In all of 

the simulations reported here. These initial estimates of fLx and 

fLy were selected In keeping with the assumption that the tip of 

the pushing finger would initially move upward with respect to 

the side of the object. 
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Figure 4.8: Errors in Position (top) and Delivery of Offset Torques 
(bottom) Related to Coulomb Friction and Load Effects at the First 
Actuator in Response to Desired Trajectory ( 4 .14) With PID and 
Adaptive Control During Quasi-Static Manipulation (legend: .... 
adaptive,<prLx,y=E-1; _ adaptive,<pfLx,y=E-2; ___ PID) 
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Figure 4.8 shows position errors and offset torque delivery 

errors observed at the first actuator when the desired trajectory of 

(4.14) is used to drive the system when both the actual load 

torques occuring in the system and their estimates developed in 

the controller are computed according to the quasi-staic 

assumption. These results were obtained in the case of simulated 

use of• the adaptive control approach, with .1 used as the value of 

the two load-related adaptation gains, through use of the 

command set 

acsl('set GOTRJ3=LO, GOLOAD=LO, TMX=4.0') 

acsl('set KI=0.0, CHIV=1.0E-5, CHIC=1 .OE-4') 

acsl('set CHIFLX=1.0E-1, CHIFLY=1.0E-1') 

[ERRP1 ,CFDF1 ,LTKDF1 ]=start, 

where GOTRJ3 selects trajectory (4.14), GOLOAD implements the 

load effects, CHIFLX and CHIFLY correspond to the load-related 

adaptation gains and the output variables CFDF1 and LTKDF1 are 

the errors made in delivery of torque offsets at the first actuator, 

offsets related to Coulomb friction and to load effects. 

In the top portion of Figure 4.8, it is seen again that the 

adaptive approach outperforms the non-adaptive PID approach 

with use of either .1 or .01 for the value of both of the load-related 

adaptation gains. In the lower portion of the Figure, plots are 

shown, with the value of .1 used for (pfLx and <pfLy, of errors made 

over the course of the trajectory in delivery of offset torques 
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related to Coulomb friction and the load. It is seen that the sharp 

changes observed in the plot of load-related torque errors, changes 

which occur as the contact force vector relocates from one side of 

its associated friction cone to the other, are not accompanied by 

large excursions in actuator position error. This is important 

because it indicates that, at least with disturbance torques of the 

magnitude seen here, that the manipulation solution is not overly 

sensitive to unanticipated reversals in the relative velocity at the 

contact point of the finger with respect to the object . 
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Figure 4.9: Errors in Estimation of f c \ \  (top), fLx (middle) and t \y  
(bottom) in Response to Desired Trajectory (4.14) With Adaptive 
Control During Quasi-Static Manipulation (legend: <pfLx,y=E-2; .... 
<PfLx,y=E-l) 
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Figure 4.9 shows the ability, when the same simulation is 

run which was used to produce the results shown in Figure 4.8, of 

the adaptive identification scheme to provide estimates which 

track the values of the Coulomb friction parameter and of the 

directed distances fLx and fLy. These results were obtained 

through use of the command set 

acsl('set GOTRJ3=LO, GOLOAD=LO, TMX=4.0') 

acsl('set KI=0.0, CHIV=1.0E-5, CHIC=1.0E-4') 

acsK'set CHIFLX=1.0E-1, CHIFLY=1.0E-1') 

[ CF1 H,CFM 1, FLXH, FLX, FL YH,FL Y]=start. 

In this command set, FLXH, FLX, FLYH and FLY are the estimated 

and actual values of fLx and the estimated and actual values of fLy. 

As is shown in the Figure, estimates converge slowly due to the 

fact that tracking errors, the magnitudes of which affect the rate of 

change in parameter estimates, remain small over the course of 

the trajectory. 

The last set of simulations considered here was performed to 

help determine the effect on the system's tracking performance of 

use of the quasi-static assumption in calculation of load offset 

torques. Here, it is no longer assumed that linear object 

accelerations are zero, although it is still maintained that no object 

angular accelerations occur as the object slides up the ramp in a 

rotation-free manner. In this situation, the force magnitude 



1 3 4  

balance equation written for the object during translation, which 

appears as in (1.12) for the quasi-static case, is now written as 

where ax and ay are the magnitudes of the horizontal and vertical 

components of the linear acceleration of the object as it slides up 

the ramp. In this instance, the value of C2 required to maintain the 

translation solution is given by 

Figure 4.10 presents results of simulations performed when 

the magnitude C2 which actually occurs in the system is computed 

according to (4.17) while the estimate of C2 used in the simulated 

controllers to develop load torque offsets is computed according to 

the quasi-static assumption in the manner defined by (4.13). The 

command set used here was 

cos(a+y) cos(P+8) cos(a+y) [cf 
sin(a+y) sin(p+8) sin(a+y) C2 

di 0 ds .C5_ 

max 

m(ay+g) 
0 

(4.16) 

sin(a+y)max + cos(a+Y)m(ay+g) 

sin( a + y - ( P + 8 )) 

acsl('set GC)TRJ3=1.0, GOLOAD=LO, GOMA=LO') 

acsl('set TMX=4.0, KI=0.0, CHIV=1.0E-5, CHIC=1.0E-4') 

acsl('set CHIFLX=1.0E-1, CHIFLY=1.0E-1') 

[ERRPl,LTKDFl,ARMP]=start, 

where GOMA adds the effects of linear object acceleration to the 

formula used to calculate C2 and the output variable ARMP is the 

linear acceleration of the object up the fixed ramp. 
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Figure 4.10: Position Error (top) and Load Offset Torque Delivery 
Error (middle) at First Actuator and Linear Object Acceleration 
(bottom) in Response to Desired Trajectory (4.14) With Adaptive 
Control During Manipulation (legend: <PfLx,y=E-2, . . . .  cpfLx,y=E-l) 

As is seen in the top portion of Figure (4.10), tracking 

performance provided by Craig's adaptive scheme is not much 

degraded when the effects of object linear acclerations assumed to 

occur in the system during actual translation are taken into 

account. The lower portion of the Figure contains a plot of the 

linear acceleration of the object as it moves up the ramp. This plot 

is included to show the somewhat uneven object velocity predicted 

in this setting. 



1 3 6  

Simulations, the results of which are not presented here, 

were also performed in which the adaptive identification scheme 

was used to identify the load force magnitude C2 rather than the 

magnitudes of the two load force components. In this case, the 

matrix of function, Wi . used within the adaptation algorithm was 

Wr = ATjT 
cos(|3+5) 

_sin(P+5)_ (4.18) 

Results of these simulations suggest that system tracking 

performance will not differ significantly from that observed when 

fLx and fLy were both identified. This is in spite of the fact that, 

with use of this approach, any errors made in estimation of the 

value of 5 will be folded into the matrix Wi While further study is 

needed of the possible use of this approach, early indications are 

that a reduction in the number of load-related system parameters 

can be achieved without a significant reduction in overall tracking 

performance. 

A final remark regarding parameter estimate convergence is 

made here. The value of the variable a used, a value selected so as 

to guarantee that the "error filter" (3.23) is SPR, is not unique. 

Experimentation with the use of different values of o shows that 

the exact form of the convergence path of friction- and load-

related parameter estimates is quite sensitive to the value of a 

used. While tracking error of the physical system does not readily 

respond in most cases to the value of a chosen, further 
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investigation of the effects of varying the value of this controller 

variable may be warranted if Craig's approach is to be used in a 

given situation primarily for the purposes of system identification. 

4.5 Summary and Conclusions for Chapter Four 

In this Chapter, a series of simulations were discussed which 

were performed to help determine if use of the adaptive control 

method proposed by Craig and described in the third Chapter is 

likely to yield improved tracking performance in implementation 

of the sliding manipulation strategy considered in this study. The 

results of simulated use of Craig's method were compared to the 

results obtained when the use of non-adaptive methods was also 

simulated. Control of the finger with use of both methods was 

simulated across a number of situations in which system response 

to the application of a variety of types of internal and external 

disturbances was observed. In all situations in which trajectories 

similar to those to be commanded of the finger in actual 

implementation of the sliding manipulation strategy were 

involved, the adaptive scheme clearly outperformed non-adaptive 

approaches considered. Further interpretation of the results 

presented in this Chapter is provided in the Conclusion which 

follows. 
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CONCLUSION 

In this study, several major topics have been dealt with 

which are related to the use of a modular robotic finger . to 

implement a recently-proposed dexterous manipulation strategy. 

This manipulation strategy, the finger mechanism and an adaptive 

control approach proposed for future use with the finger were 

discussed. These discussions occurred as part of the larger effort 

undertaken within this study to find ways of dealing with control-

related problems encountered in early implementation efforts 

toward realization of an improved control approach for use with 

the finger which will yield system tracking performance better 

than that observed during early implementation efforts. 

Two conclusions are reached here regarding the dexterous 

manipulation strategy considered in this study. First, the approach 

has a place in the repertoire of industrial manipulators which are 

called upon to perform parts acquisition tasks which cannot be, 

satisfactorily performed with the use of more conventional means 

such as those involving parallel-jawed grippers. This focus on the 

parts acquisition process also allows the strategy to fill an 

important gap in the research literature between a body of 

research which deals with parts handling on flat surfaces and 

another body of research focused on other dexterous manipulation 
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strategies which assume an intial secure grasp of the object. The 

second conclusion here is that the strategy is workable: the report 

contained in the first Chapter on the use of the strategy to plan 

and execute planar manipulation showed not only that the method 

works but also that the manipulation solutions produced by the 

strategy can be relatively insensitive to rather large errors made 

in practice in delivery of load offset forces and in path following 

by the manipulator. Implementation of the method in the spatial 

case will be more challenging but probably will involve less 

computational burden than would be the case if the attempt were 

made to implement one of the many other dexterous manipulation 

strategies described in the literature. However, the point has been 

carefully made in this study that most of the other manipulation 

strategies do not focus on parts acquisition. Therefore, the present 

method is not seen as being in competion with those other 

methods. 

Regarding the modular robotic finger currently being used to 

implement the manipulation strategy, the basic conclusion is that 

the finger functions well enough as a position-controlled planar 

manipulator for continued use in implementation efforts. However, 

tracking performance will have to be significantly improved and 

control problems related to friction, backlash and compliance 

resolved before the finger can be used to execute manipulation 

solutions which are sensitive to low-speed tracking errors. The 

finger's modular design makes the finger very attractive for use in 
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the research setting. This is because it allows the effective "hand" 

being used in a given manipulation setting to be easily 

reconfigured to allow testing of different grasping approaches. 

The adaptive computed-torque control approach presented 

in the third Chapter seems well suited for use in this particular 

application. This is so because implementation the sliding 

manipulation strategy will involve execution by the finger of the 

types of trajectories which will meet concerns related to 

persisitent excitation. The approach is well suited for use with the 

UCI finger because it allows the adaptive parameter estimation 

scheme to be applied only to a subset of the system's parameters. 

This feature makes the approach attractive in this setting because 

it is felt that the behavior of the finger can be modeled with a 

reasonable degree of accuracy except in the case of friction effects. 

Regarding operation of the finger when no load is applied, 

simulation results presented in the fourth Chapter indicate that 

the adaptive approach is likely to outperform non-adaptive 

computed torque approaches when used to drive the UCI finger in 

execution of the sort of low-speed "uniform" trajectories called for 

by the sliding manipulation strategy. The level of tracking 

performance delivered by the system controlled by the adaptive 

approach was also seen to be relatively insensitive to errors made 

in modeling system effects not related to friction. Also in the 

fourth Chapter, the parameter identification scheme which is part 

of the adaptive approach was seen to be unable to provide 
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parameter estimates which could track slow variations in friction 

parameters modeled as being constants. While this is practice is 

likely to cause serious contamination of all estimates provided by 

this estimation scheme, simulation results indicated that this 

tracking failure is not likely in itself to seriously degrade overall 

system performance. 

Simulated use of both the adaptive and non-adaptive control 

approaches to drive the UCI finger in performance of sliding 

manipulation produced results which also indicated that superior 

tracking performance will be obtained if the adaptive approach is 

used. The effect on system performance of use of the quasi-static 

assumption in the planning of hand activities to implement the 

sliding manipulation strategy was also examined. The conclusion 

was that the errors introduced by use of this assumption will not 

be significant, at least when low-speed finger operation is 

involved. 

Future research performed in the near term toward further 

implementation of the sliding manipulation strategy should be 

aimed at making advances along two different routes. First, in the 

absence of physical changes in the finger mechanism which will 

allow use of significantly higher control gains, the attempt should 

be made to implement some sort of control approach, such as the 

adaptive approach considered here, to improve low-speed tracking 

performance through more accurate friction compensation. Second, 

simulation and implementation efforts should be broadened to 
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investigate use of the simulation approach with multiple fingers, to 

include the use of three or more fingers in the spatial case. 
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APPENDIX A 

HARDWARE DESCRIPTION 

(all units MKS) 

I. FINGER MECHANISM 

/ A. Finger Links 

1. Link lengths: 

flexible 
couplings #-

link 3 

47.8mm 
link 2 

44.5mm 44.5mm 

axle 1 axle 2 axle 3 

Figure Al: Length of UCI Finger Links 

2. Link masses: (values from Dept. Mech. Eng., UCI) 

a. link 1; mass of link structure 8.3 g; associated 
mass at axle 1 neglected in dynamic modeling; 
associated mass of axle, pulley and bearing at 
axle 2 of 7.4 g 

b. link 2; mass of link structure 7.0 g; associated 
mass of bearings and magnet at axle 2 of 16.0 g; 
associated mass of bearings at axle 3 of 11.0 g 

c. link 3; mass of link structure 8.3 g; associated 
mass of axle, pulley and bearing at axle 3 of 6.9 g 
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3. Link-related friction parameters and method used to 
obtain: 

a very rough estimate of the magnitude of friction 
effects was obtained by holding one of the actuators 
stationary while the other was moved incrementally; 
while this motion occurred, torque (inferred from 
motor currents) delivered by the non-stationary 
actuator, from which the known value of gravitational 
offsets was subtracted, indicated the level of static 
Coulomb friction torque; results are shown in Figure A2 
(torques indicated in this Figure include the .0078 Nm 
of static friction torque known to be associated with 
the actuators; see I(B)4) 
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Figure A2: Total Friction Torque, Xftot2» Observed at Second 
Actuator During Incremental Motion While First Actuator Held 
Stationary (arrows indicate direction of second actuator's motion; 
legend: I; \|/l=30 dg, II; \|/i=45 dg, III; \j/i=70 dg) 
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B. Actuators 

1. General description: 

Maxon 41 .016.026-0000-001 geared DC motor 
(supplied by AST Servo Systems, Inc., Montville, NJ); 
12 VDC motor with attatched gearboxes which 
provide 1:172 speed reduction; armature resistance 18 
ohms, inductance 0.69 mH (electrical values from • 
Dept. Mech. Eng., UCI) 

2. Effective actuator inertia and method used to obtain: 

supplier reports 19 ms mechanical time constant, xm, 
for actuator; effective actuator inertia, assuming 
inductance negligible, is calculated according to 
formula found in Kenjo [1985]; with emf and torque 
constants equal in MKS system to some value K, 
computation of actuator inertia Jm> with knowledge of 
Tm and armature resistance Ra, proceeds according to 

xmK2 .019(1.1)2 „ 
Jm = Ra = j~g = .0013 Kgm2 

3. Actuator torque constant and method used to obtain: 

supplier reports .125 oz-in/mA (8.8E-4 Nm/mA) at 
50 RPM; however, laboratory measurement here 
indicates true value at low-speed is approximately 
9.6E-4 Nm/mA; this value was obtained by observing 
that an average of 14.7 mA of current was required to 
overcome known static friction torque of .0078 Nm 
(see (4) immediately below) in addition to a .0063 Nm 
load torque 

4. Actuator-related friction parameters and method 
used to obtain: 

The static friction torque associated with the actuators 
was measured to be approximately .0078 Nm; this 
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value was obtained by sliding a known mass along a 
beam attatched at its center of gravity normal to the 
actuator shaft; process was begun with the actuator 
motionless; distance which the mass needed to slide 
away from actuator shaft to induce motion indicated 
level of static friction torque present (acceleration 
neglected) 

C. Other 

1. Drive tendons: 

teflon-coated 2.4 mm stranded steel cables 

2. Drive linkage: 

flexible links are used to couple actuator output 
shafts and shaft on which drive pulleys mounted as 
is shown in Figure Al; inertia of these components is 
negligible; spring constant of these components is 
unknown 

II. COMPUTER AND DATA CONVERSION 

A. Computer 

IBM PC AT (80386/7) 

B. ADC 

Data Translation DT2814 analog-to-digital conversion board 
(Data Translation, Inc., Marlboro, MA) 

C. DAC 

MetraByte DDA-06 digital-to-analog conversion board 
(MetraByte, Inc., Tauton, MA) 

III. ELECTRICAL AND SIGNAL PROCESSING 
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A. Servo Driver Device 

Elantec EL2007 high efficiency precision servo driver, an IC 
configured here through the use of external discrete 
components to deliver 100 mA motor current per DAC 
output volt (Elantec, Inc., Milpitas, CA) 

B. Position Sensors 

TL3103C linear Hall effect sensor (Texas Instruments, Inc., 
Dallas, TX) 

C. System Feedforward Gain 

The system feedforward gain, Kc, (DAC to actuator output) 
was calculated as .00047 Nm/DAC div.; this value was 
obtained with the use of the value of the actuator torque 
constant, given in I(B)3, according to 

VDAC output rng. mtr. current actuator torque 
c ~ 212 DAC div VDAC output mtr. current 

= (.00488 V/div) (100 mA/V) (9.6E-4 Nm/mA) 

D. Analog Signal Processing 

Analog filtering of position feedback signals is performed 
using standard IC amplifiers and discrete circuit 
components 
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APPENDIX B 

DYNAMIC EQUATIONS AND JACOBIAN FOR UCI FINGER 

NOTE: The dynamic equations shown here are developed with use 

of the iterative Newton-Euler Algorithm discussed in Chapter Two 
and are computed in accordance with the uniform mass 

distribution assumption discussed in Section 2.3. Length and mass 
variables which appear in these equations are defined as follows. 

L: length of first and second finger links; R: length of third link; mi, 

m2, m 3: total mass, respectively, of the first, second and third 

links. 

I. DYNAMIC EQUATIONS: INDIVIDUAL JOINT TORQUES 

A. Convention for Specification of Trigonometric Functions 
and Their Arguments: Examples 

1. c2 = cos02 

2. sl23 = sin(0i+02+03) 

B. Form of Equations 

MX 0)0. + Y(0,0) + G(0) = Ijnt = 

mile mi2e mi3e 

m2ie 01229 m230 

Lm3ie m32Q 11*1330J 

01 

02 

L03J 

vie 
v26 

V30J 

gie 
g2e 

Lg3eJ 

tjntl 
Tjnt2 

-tjnt3-

C. Computation of Elements of Mass Matrix M. (0) 
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L2 4L2 

1. mug = mi~ + m2(~2~~+ L2c2) + m3(2L2 + 2LRc2 + 

R2 

+ 2LRc23 + LRc3 + —) 

L 2  L2 
/ T ,  L R  L R  

2. mi2e = m2ie = m2(~ + yc2) + m3(L2 + -yc2 + "2"c23 

R2 

+ LRc3 + ) 

LR LR R2 

3. mi39 = m3ie = m3(^x23 +-2~c3 + —) 

L2 R2 

4. m229 = m2~ + m3(L2 + LRc3 + — ) 

,LR. R2 s 5. m230 = m320 = m3( ~jx3 + ~) 

* — 6. m330 = m3 — 

D. Computation of Elements of V (0,0) 

L2 LR L2 

1. v10 = [m2~2^2 + m3(L2s2 + -^s23)]0 i2 - [m2ys2 + 

LR • LR LR 
m3(L2s2- "2~S3)](0I+02)2 -m3( "j"s23+-^53)(01+02+03)2 

L2 LR 
2. V20 = [m2"2~s2 + m3(L2s2 + ~2~s23)]0 i2 + 

LR LR 
m3 -2~s3(0 I + 02)2 - m3 *2^3(01+02+03)2 

LR LR 
3. V30 = m3 ~^s23012 + m3 ~2-s3(01 + 02)2 

E. Computation of Elements of G (0) 



1 5 0  

L L R 
1- gie=[(mij+m2L+m3L)cl+(m22"+m3L)cl2 +m3;p:123] g 

L R 
2. g2e=[(m2j+ m3L)cl2 + m3^123] g 

R 
3. g30=[m3jcl23] g 

II. DYNAMIC EQUATIONS: ACTUATOR TORQUES 

A. Convention for Specification of Trigonometric Functions 
and Their Arguments 

1. si = sin\)/i 

2 .  c l 2  =  c o s ( v i  +  \ | / 2 )  

3. sl(2)2(2) = sin(2\j/i + 2\|/2) 

B. Form of Equations 

M(\|/)u/ + V(\)/,v) + G(\|j) = lact = 

mi ivy mi2\j/ 

m2lv m22\|/J 
VI 

LV2. 

rvi
v]+rgivi _ [Xacti 

LV2\)/J Lg2>|/J I Tart? L^act2. 

C. Computation of Elements of Mass Matrix M (\|/) 

1 2  7 T 2  
1 .  m i  =  m l ~  +  m 2 ( ~ 2 ~ " +  2 L 2 c l 2 )  +  m 3 ( 5 L 2  +  3 R 2  +  

3L2cl2 + 6LRc 12 + 3LRc 1(2)2(2)) 

2L2 L2 

2. mi2\(/ = m2iv = m2(-J~ + "^12) + m3(2L2 + L2cl2 

7LR 
+ -^12 + LRc 1(2)2(2) +2R2) 
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L2 4R2 

3. m22¥ = m2—+ m3(L2 +— + 2LRcl(2)2(2)) 

4. Recall that in the simulations of finger motion 
discussed in Chapter Four, the value of actuator inertia 
is added to the diagonal elements of this mass matrix 

D. Computation of Elements of Matrix V (\)/,\|/) 

3LR 
1. vjy = [m2L2sl2 +m3(2L2sl2 + —^—s 1(2)2(2))] y i 

L2 „ 3LR • • „ 
[m2*2^12 + m3(L2sl2 - ^ s 12)] (2yi + y2)2 + 

m3(r~sl2 - 1(2)2(2)) (3\|/i + 2\|/2)2 

L 2 

2. \2\jf = [ m2"2~+ iri3(L2sl2 + LRs 1(2)2(2))] \|/i2 + 

LR 
m3LRsl2(2\|/i + Y2)2 - m3 -ysl2(3y 1 + 2\|/2)2 

E. Computation of Elements of Matrix G (\j/) 

L 
1. gly = [mi2^1 + m2(Lcl + Lcl(2)2 + m3(Lcl + 

3 R 
2Lc 1(2)2 + ycl(3)2(2)] g 

2. g2vj/ = [m2^c 1(2)2 +1113 (Lc 1(2)2 +Rc 1(3)2(2))] g 

III. FINGER JACOBIAN (assume a = 0; refer to Figure 2.2) 

A. Form of Solution 

X = J Q 

2 
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B. Step One: Trigonometric Relationships (conventions related 
to trigonometric functions here are the same as those used 
in (I) above) 

x = Lcl + Lcl2 + Rcl23 

y = Lsl + Lsl2 + Rsl23 

C. Step Two: Differentiate to Produce (2X3) Jacobian as 
Defined in III(A) Above 

J = 
-(Lsl+Lsl2+Rsl23) -(Lsl2+Rsl23) -Rsl23 

L (Lc 1+Lc 12+Rc 123) (Lcl2+Rcl23) Rcl23J 
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APPENDIX C 

ACSL SIMULATION PROGRAM FOR UCI FINGER 

PROGRAM Fngr 

INITIAL 
II II 

"This version of FNGR.CSL allows toggling of all traj's ... " 

"used to produce simulation results contained in thesis ... " 

"as well as toggling of load-related effects. " 
II fl 

"Macro to return position dependent mass/inertia matrix." 

"Variables 1 and r represent link lengths 1 and 2 (1) and 

"link 3 length (r), all in meters; inputs are link masses 

"(kg) and actuator angles phi (deg)." 

MACRO MSSMAT(mll,ml2,m21,m22,phil,phi2, ... 

msl, ms2, ms3,jml,jm2) 

MACRO Redefine 11, lr, rr, pi, jmtr 

MACRO Redefine tht2, c2, c22 

MACRO Redefine mlla, mllb, ml2a, m21a, m22a 

" Define link length products needed in inertial terms." 

constant 11 = .00198, lr = .00213, rr = .00228 

constant pi = 3.141593 

" Convert actuator angles phi to link angles theta." 

tht2=((phil+phi2)*2.0*pi)/360.0 

c2=cos(tht2) 

c22=cos(2.0*tht2) 

" Compute 4 elements of mass matrix, adding actuator inertia 

" to diagonal terms." 

mlla=3.0*rr*ms3+(ll/3.0)*(msl+7.0*ms2+15.0*ms3) 

mllb=c2*(11*(2.0*ms2+3.0*ms3)+lr*6.0*ms3) 

mll=jml+mlla+mllb+c22*3.0*lr*ms3 

ml2a=2.0*rr*ms3+ll*((2.0/3.0)*ms2+2.0*ms3) 

ml2=ml2a+(c2/2.0)*(ll*ms2+7.0*lr*ms3)+c22*lr*ms3 

m21=ml2 

m22a=(4.0/3.0)*rr*ms3+ll*((1.0/3.0)*ms2+ms3) 

m22=jm2+m22a+c22*2.0*lr*ms3 

MACRO END 

"Macro to return 4 elements of the inverse inertia matrix" 

MACRO MSSINV(ill, il2, i21, i22, mxll, mxl2, mx21, mx22) 

MACRO Redefine dtrm 

dtrm=mxll*mx22-mxl2*mx21 

ill=mx22/dtrm 

il2=-mxl2/dtrm 

i21=-mx21/dtrm 

i22=mxll/dtrm 

MACRO END 



Macro to return error matrix for inv(M) times Mhat" 

MACRO MSSERR(mrll,mrl2,mr21,mr22,mlli,ml2i,m21i,m22i , . 

mllhh,ml2hh,m21hh,m22hh) 

mrll=mlli*mllhh+ml2 i*m21hh 

mrl2=mlli*ml2hh+ml2i*m22hh 

mr21=m21i*mllhh+m22i*m21hh 

mr22=m21i*ml2hh+m22i*m22hh 

MACRO END 

Macro to return 2X2 finger Jacobian for actuator-space model 

Note here that inputs to macro are in actuator angles but .. 

that Jacobian elements are computed using joint angles." 

MACRO JCBN(jell,jcl2,jc21,jc22,thtl,psi2) 

Define trig arguments and finger link lengths." 

MACRO Redefine tht2, al, a2, a3 

MACRO Redefine 1, r, pi 

constant 1 = .0445, r = .0478, pi = 3.141593 

Convert from actuator angles to joint angles theta; . 

tht2=thtl+ps i2 

al=(thtl*2.0*pi)/360.0 

a2=((thtl+tht2)*2.0*pi)/360.0 

a3=((thtl+tht2+tht2)*2.0*pi)/360.0 

jcll=-(l*sin(al)+2.0*l*sin(a2) '3.0*r*sin(a3)) 

jcl2=-(l*sin(a2)+2.0*r*sin(a3)) 

jc21=l*cos(al)+2.0*l*cos(a2)+3.0*r*cos(a3) 

jc22=l*cos(a2)+2 . 0*r*cos(a3) 

MACRO END 

Macro to return 2X1 vector of gravity effects. Inputs are .. 

actuator angles and mass links. Note that effects here ... " 

are calculated in actuator space." 

MACRO GRVTY(grvtyl,grvty2,phl,ph2,mssl,mss2,mss3) 

MACRO Redefine gl2, gl3, g22, ell, cll2, cll23 

MACRO Redefine 11, rl, angenv, g 

Define link lengths." 

constant 11 = .0445, rl = .0478 

constant angenv = .01745329, g = 9.8 

Calculate needed values of trig functions." 

cll=cos(phl*angcnv) 

cll2=cos((2.0*phl+ph2)*angcnv) 

cll2 3=cos((3.0*phl+2.0*ph2)*angcnv) 

gl2=cll2*(ll*mss2+2.0*ll*mss3) 

gl3=cll*(11*(mss2+mss3)+0.5*ll*mssl) 

grvtyl=g*(gl2+gl3+cll23*(1.5*rl*mss3)) 

g22=cll2*(0.5*ll*mss2+ll*mss3) 

grvty2=g*(g22+cll23*(rl*mss3)) 

MACRO END 
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"Macro to return 2X1 vector of velocity effects. Inputs are ..." 

"actuator angles and link masses. Effects are calculated in ..." 

"actuator space." 

MACRO VLCTY(velyl,vely2,vvl,vv2,phhl,phh2,mzl,mz2,mz3) 

" Define link length products L*L, R*R and L*R needed here." 

MACRO Redefine Is, rs, Irs, s2, s23, angcnv 

MACRO Redefine sql, sql2, sql23, vll2, vll3, vl22 

constant Is = .00198, rs = .00228 

constant Irs = .002127, angcnv = .01745329 

" Calculate needed trig function values." 

s2=sin((phhl+phh2)*angcnv) 

s23=sin(2.0*(phhl+phh2)*angcnv) 

sql=vvl**2 

sql2=(vvl+vv2)**2 

sql23=(vvl+vv2+vv2)**2 

vll2=sql*(s2*ls*(2.0*mz3+mz2)+s23*lrs*l.5*mz3) 

vll3=sql2*(s2*(1.5*lrs*mz3-0.5*ls*mz2-ls*mz3)) 

velyl=vll2+vll3+sql2 3*(0.5*lrs*mz3*(s2-s23)) 

vl22=sql*(s2*ls*(mz3+0.5*mz2)+s23*lrs*mz3) 

vely2=vl22+s2*lrs*mz3*(sql2-0.5*sql2 3) 

MACRO END 

"Macro to return elements of 2X8 matrix of velocity .." 

"functions needed to calculate friction effects in actual..." 

"system and to build W matrix needed to ID (4) friction... " 

"parameters associated with 'reduced' friction model; note ." 

"that matrix W related to load effects is constructed ... " 

"elsewhere within this simulation." 

MACRO FRKMAT(frkll,frkl2,frkl3,frkl4,frkl5,frkl6, ... 

frkl7,frkl8,frk21,frk22,frk23,frk24,frk25, ... 

frk26,frk27,frk28,vlmtrl,vlmtr2) 

frkll=vlmtrl 

frkl2=0.0 

frkl3=sign(1.0,vlmtrl) 

frkl4=0.0 

frkl5=sign(1.0,vlmtrl+vlmtr2) 

frkl6=0.0 

frkl7=sign(l.0,vlmtrl-vlmtr2) 

frkl8=0.0 

frk21=0.0 

frk22=vlmtr2 

frk23=0.0 

frk24=sign(l.0,vlmtr2) 

frk25=0.0 

frk26=frkl5 

frk27=0.0 

frk28=-frkl7 

MACRO END 



Now establish macro to implement parameter update rule 

as it appears in Craig's paper: phat=(gamma)(wt)(invm)(e)" 

Inputs here are adaptation gains, error function values Ei ... 

as it appears in Craig's paper. Output are derivatives (4) ... 

to be used to update four parameters of the REDUCED friction . 

model. Inputs are adaptation gains, Ei's, the inverse mass ... 

matrix and the 4 relative terms from the matrix W." 

MACRO PRMCHG(dl,d2,d3,d4,gmv,gmgm,el,e2,hill,hil2, ... 

hi21,hi22,fll,fl3,f22,f24) 

Define GAMGM as Coulomb parameter adaptation gain(s)." 

Macro Redefine gmgml, gmgm2 

Note here that adaptation loops for Coulomb parameter . 

estimates are enabled according to the same exponential 

as is used to shift Coulomb effects from their dynamic 

to their static levels." 

gmgml=gmgm*(1.0-exp(-5*abs(f11))) 

gmgm2=gmgm*(1.0-exp(-5*abs(f22))) 

dl=gmv*(fll*hill*el+fIl*hil2*e2) 

d2=gmv*(f22*hi21*el+f22*hi22*e2) 

d3=gmgml*(fl3*hill*el+fl3*hil2*e2) 

d4=gmgm2*(f24*hi21*el+f24*hi22 *e2) 

MACRO END 

logical stukl, stuk2 

constant ... 

ml = 0.0157, m2 = 0.034, m3 = 0.0152, ... 

mlh = 0.0157, m2h = 0.034, m3h = 0.0152, ... 

1 = .0445, lr = .0478, ... 

jmtrl = .0013, jmtr2 = .0013, ... 

jmtrlh = .0013, jmtr2h = .0013, ... 

vfl = .0055, vf2 = .0045, . .. 

vflhO = .005, vf2h0 = .005, ... 

cfgmls=.014, cfgm2s = .016, ... 

cflls = .004, cf21s = .004, ... 

cfl2s = .006, cf22s = .006, ... 

cflhO = .012, cf2h0 = .012, ... 

plO = -90.0, p20 = 100.0, ... 

pldO = -90.0, p2d0 = 100.0, ... 

vlO = 0.0, v20 = 0.0, ... 

vldO = 0.0, v2d0 = 0.0, ... 

aldO = 3.6, a2d0 = -2.4, ... 

xxO = .024076, yyO = -.133241, ... 

axO = 0.0, ayO =0.0, ... 

kp = 9.0, kv = 6.0, ki = 0.0, ... 

iarglO = 0.0, iarg20 = 0.0, ... 

dltl = .6, dlt2 = .6, ... 

chiv = 1.0E-5, chic = 1.0E-4, ... 

dltvl = 0.0, dltv2 = 0.0, ... 

aldf = .1, a2df = -.4, a2df2 = .4, ... 

goma = 0.0, m = .075, g = 9.8, ... 
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flxhO = 0.6, flyhO = .01, ... 

chiflx = 0.1, chifly = 0.1, ... 

gotrjl = 0.0, gotrj2 = 0.0, ... 

gotrj3 = 0.0, govtf = 0.0, ... 

gamc2 = .01, c2h0 = .75, ... 

armpO = 0.0, goload =0.0, ... 

efk = 5.0, ... 

pi = 3.141593, angcnv = .01745329, ... 

tmx =9.0, ... 

cint = .1 

statfl=cfgmls+cflls+cf12s 

statf2=cfgm2s+cf21s+cf22s 

stukl=l 

stuk2=l 

gamv=chiv 

gamgm=chic 

DYNAMIC 

DERIVATIVE 

"Obtain Cartesian equivalents of motion variables." 

vlrds=vl*angcnv 

v2rds=v2 *angcnv 

vx=jcbll*vlrds+jcbl2*v2rds 

vy=jcb21*vlrds+jcb22*v2rds 

xx=integ(vx,xxO) 

yy=integ(vy,yyO) 

vrmp=vx/.86603 

armp=der ivt(armpO,vrmp) 

ax=der ivt(axO,vx) 

ay=der ivt(ayO,vy) 

"Get angle of Cartesian velocity needed to determine rotation ..." 

"of contact force vector about its normal." 

angvel=atan(vy/(vx+1.OE-8)) 

"Enter desired trajectories." 

trjll=ald0*(step(0.0)-2.0*(step(5.0)-step(10.0))) 

trjl2=a2d0*(step(0.0)-2.0*(step(5.0)-step(10.0))) 

trj21=trjll 

trj22=a2d0*cos(t) 

trj31=ald0*(1.0-aldf*sin(.7854*t)) 

trj32=a2d0*(1.0+sin(.7854*t)-a2df*sin(.3927*t)) 

ald=got r jl*trjll+gotrj2*trj21+gotrj3*trj31 

a2d=gotrjl*trjl2+gotrj2*trj22+gotrj3*trj 32 

"Integrate desired actuator trajectories from desired ..." 

"accelerations." 

vld=integ(ald,vldO) 

pld=integ(vld,pld0) 

v2d=integ(a2d,v2d0) 

p2d=integ(v2d,p2d0) 
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BEGIN TO COMPUTE THE VALUE OF VALUE OF MOTION-RELATED ..." 

VARIABLES FOR THE FIRST ACTUATOR." 

pl=integ(vl,plO) 

vl=integ(al,vlO) 

errpl=pld-pl 

errvl=vld-vl 

iargl=integ(errpl,iarglO) 

Compute control law." 

ul=ald+kv*errvl+kp*errpl+ki*iargl 

Establish sense of impending motion for use in Coulomb ..." 

friction breakout analysis." 

cf rlx= (abs (vld) /(vld+1. Oe-7)) *abs(cfmlh) 

Compute applied torque for use in Coulomb breakout analysis." 

smtrkl=mllh*ul+ml2h*u2+grvdf1+vlydf1+vfdf1+cfrlx 

Compute actual acceleration of actuator if NO STICTION." 

alx=merll*ul+merl2*u2+gef1+vef1+vfef1+cfefl+goload*ldef1 

Establish variable to provide call to DISCRETE block used ..." 

to examine Coulomb breakout effects." 

crossl=RSW(stukl,abs(smtrkl)-statfl,vl+dltvl) 

SKEDSE(crossl,CHNG1) 

Hold actuator acceleration to zero if STICTION." 

al=RSW(stukl,0.0,alx) 

REPEAT THE ABOVE PROCEDURE FOR THE SECOND ACTUATOR." 

p2=integ(v2,p20) 

v2=integ(a2,v20) 

errp2=p2d-p2 

errv2=v2d-v2 

iarg2=integ(errp2,iarg20) 

u2=a2d+kv*errv2+kp*errp2+k i* iarg2 

cfr2x=(abs(v2d)/(v2d+l.OE-7))*abs(cfm2h) 

smtrk2=m21h*ul+m22h*u2+grvdf2 + vlydf2+vfdf2+cf r2x 

a2x=mer21*ul+mer22 *u2+gef2+vef2+vfef2+cfef2+goload*ldef2 

cross2=RSW(stuk2,abs(smtrk2)-statf2,v2+dltv2) 

SKEDSE(cross2,CHNG2) 

a2=RSW(stuk2,0.0,a2x) 

MAKE MACRO CALLS NEEDED TO COMPUTE SYSTEM MODEL AND ESTIMATES ..." 

(indicated by 'h') OF SYSTEM EFFECTS." 

MSSMAT(mlIh,ml2 h,m2lh,m2 2h=pl,p2,mlh,m2 h,m3h, 

jmtrlh,jmtr2h) 

MSSMAT(mmll,mml2,mm21,mm22=pl,p2,ml,m2,m3,jmtr1,jmtr2) 

MSSINV(mill,mil2,mi21,mi22=mmll,mml2,mm21,mm22) 

MSSINV(mhill,mhil2,mhi21,mhi22=mllh,ml2h,m21h,m22h) 

MSSERR(merll,merl2,mer21,mer22,mill,mil2,mi21,mi22, ... 

mllh,ml2h,m21h,m22h) 

GRVTY(gravl,grav2,pi,p2,ml,m2,m3) 

GRVTY(gravlh,grav2h,pl,p2,mlh,m2h,m3h) 

VLCTY(vlyl,vly2=vl,v2,pi,p2,ml,m2,m3) 

VLCTY(vlylh,vly2h=vl,v2,pl,p2,mlh,m2h,m3h) 

JCBN(jcbll,jcbl2,jcb21,jcb22=pl,pi) 
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"COMPUTE DISTURBANCE TORQUES (indicated by 'ef') DUE TO " 

"ERRORS (indicated by 'df') MADE IN ESTIMATION OF GRAVITY ..." 

"AND VELOCITY EFFECTS." 

grvdfl=gravlh-gravl 

grvdf2=grav2h-grav2 

gefl=mill*grvdfl+mil2*grvdf2 

gef2=mi21*grvdfl+mi22*grvdf2 

vlydfl=vlylh-vlyl 

vlydf2=vly2h-vly2 

vefl=mill*vlydfl+mil2*vlydf2 

vef2=mi21*vlydfl+mi22*vlydf2 

"NOW COMPUTE FRICTION EFFECTS, THEIR ESTIMATES AND THE TORQUES ..." 

"ON THE SYSTEM DUE TO ESTIMATION ERRORS." 

FRKMAT(frcll,frcl2,frcl3,frcl4,frcl5,frcl6, ... 

frcl7,£rcl8,frc21,frc22,frc23f£rc24, ... 

frc25,£rc26,frc27,frc28=vl,v2) 

absdf=abs(vl-v2) 

" Get Coulomb effects seen at actuator one. Sources: gm- ..." 

" actuator; 11-drive pulleys axle 1; 12-joints 2 and 3." 

cfgmlk=cfgmls*(.75+.25*exp(-efk*abs(vl))) 

vrfcl=0.l*cfgmls*cos(t) 

cfgml=cfgmlk+govrf*vrfcl 

cfllk=cflls*(.75+.25*exp(-efk*absdf)) 

cfll=cfIlk 

cf12k=cf12s*(.75+.25*exp(-efk*absdf)) 

cf12=cf12k 

" Sum Coulomb effects then get viscous friction." 

cfml=cfgml*frcl3+cf11*frcl5+cf12*frcl7 

vfml=vfl*frcll 

" Repeat the above for friction effects seen at second ..." 

" actuator." 

cfgm2k=cfgm2s*(.75+.25*exp(-efk*abs(v2))) 

cfgm2=cfgm2k 

cf21=cf11 

cf22=cf12 

vfm2=vf2*frc22 

cfm2=cfgm2*frc24+cf21*frc26+cf22*frc28 

"GET FRICTION ESTIMATES. BEGIN BY CALCULATING LINEAR ERROR ..." 

"TERMS NEEDED FOR PARAMETER UPDATE LAW." 

errl=errvl+dltl*errpl 

err2=errv2+dlt2*errp2 

PRMCHG(dv£lh,dvf2h,dcgmlh,dcgm2h=gamv,gamgm,errl, ... 

err2,mhill,mhil2,mhi21,mhi22,frcll,frcl3,frc22,frc2 4) 

" Integrate parameter estimates using derivatives returned ..." 

" by update law Macro." 

vflh=integ(dvflh,vflhO) 

vf2h=integ(dvf2h,vf2h0) 

cflh=integ(dcgmlh,cflhO) 

cf2h=integ(dcgm2h,cf2h0) 



Now calculate single viscous and single Coulomb offset 

per actuator, calculate estimation errors ('df') and .. 

disturbance torques ('ef *) due to these errors." 

vfmlh=vflh*frcll 

vfm2h=vf2h*frc22 

vfdfl=vfmlh-vfml 

vfdf2=vfm2h-vfm2 

vfefl=mill*vfdfl+mii2*vfdf2 

vfef2=mi21*vfdfl+mi22*vfdf2 

cfmlh=cflh*frcl3 

cfm2h=cf2h*frc24 
cfdfl=cfmlh-cfml 

cfdf2=cfm2h-cfm2 

cfefl=mill*cfdfl+mil2*cfdf2 

cfef2=mi21*cfdfl+mi22*cfdf2 

NOW COMPUTE LOAD-RELATED TORQUES AND OFFSETS." 

Prepare for c2 calc: alf=2.09,bet=-.122,dlt=.166 (rds)" 

angdf=angvel-.5328 

sdltr=sign(1.0,vrmp) 

sdltf=sign(1.0,angdf) 

dltrmp=sdltr*.1658*(1.0-exp(-10000*abs(vrmp))) 

dltfng=sdltf*.1658*(1.0-exp(-10000*abs(angdf))) 

cbd=cos(-.1222+dltfng) 

sbd=sin(-.1222+dltfng) 

cad=cos(2.0944+dltrmp) 

sad=sin(2.0944+dltrmp) 

sintot=sin(2.0944+.1222+dltrmp-dltfng) 

Compute QS c2, then add effects with lin acc nonzero" 

c2qs=-(cad/sintot)*m*g 

c2=c2q_-goma*m*(sad*ax+cad*ay)/sintot 

Now use c2 to compute load torques seen at actuators" 

flx=cbd*c2 

fly=sbd*c2 

ldtrkl=jcbll*flx+jcbl2*fly 

ldtrk2=jcb21*flx+jcb22*fly 

Perform update of estimates of fix and fly." 

wldll=jcbll*mhill+jcb21*mhi21 

wldl2=jcbll*mhil2+jcb21*mhi22 

wld21=jcbl2*mhill+jcb22*mhi21 

wld22=jcbl2*mhil2+jcb22*mhi22 

dflxh=chiflx*(wldll*errl+wldl2*err2) 

dflyh=chifly*(wld21*errl+wld22*err2) 

flxh=integ(dflxh,flxhO) 

flyh=integ(dflyh,flyhO) 



"Compute load torque offsets, torque errors and acc effects." 

ldtklh=jcbll*flxh+jcbl2*flyh 

ldtk2h=jcb21*flxh+jcb22*flyh 

ltkdfl=ldtklh-ldtrkl 

ltkdf 2 = Id tk2h-ld.tr k2 

ldefl=mill*ltkdfl+mil2*ltkdf2 

ldef2=mi21*ltkdfl+mi22*ltkdf2 

END $ "Of DERIVATIVE" 

"Provide DISCRETE blocks to handle discontinuities caused by .. 

"stiction effects. Note that after initial breakout, the call . 

"to these blocks will come only after a zero crossing of either 

"actuator velocity; then stiction will occur again only if the 

"sum of torques is less than the static coulomb threshhold." 

DISCRETE CHNG1 

PROCEDURAL 

stukl=.NOT.stukl .AND. abs(smtrkl).LT.statfl 

dltvl=-vl 

CALL LOGD(.TRUE.) 

END S "of PROCEDURAL" 

END $ "of DISCRETE" 

DISCRETE CHNG2 

PROCEDURAL 

stuk2=.NOT.stuk2 .AND. abs(smtrk2).LT.statf2 

dltv2=-v2 

CALL LOGD(.TRUE.) 

END $ "of PROCEDURAL" 

END $ "Of DISCRETE" 

termt(t.GE.tmx) 

END $ "Of DYNAMIC" 

END $ "Of PROGRAM" 
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APPENDIX D 

CONVERGENCE OF FRICTION PARAMETER ESTIMATES 

In this Appendix, conditions are identified under which 

estimates of friction parameters converge to the true value of such 

parameters when the adaptive computed torque control approach 

proposed by Craig [1987] is used to drive the UCI finger. The 

situation considered here assumes that the finger's actuators will 

execute trajectories involving no reversals in relative actuator 

velocities so that the 'reduced' friction model, discussed in Section 

3.3, obtains. Also, it is assumed that the only modeling errors in 

this situation are those made in estimating the value of the 

system's friction parameters; we assume that the functional form 

of the friction model is correct. 

According to Craig, persistent excitation concerns will be met 

if the integral 

to+p 
r 

j 
to 

Vid2 0 IVidl 0 

0 V2d2 0 'V2dl 

'Vidl 0 1 0 

0 IV2dl 0 1 

dt , (D.l) 
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where \\r id is the desired velocity trajectory of the ith actuator, can 

be shown to be positive definite for all p > 0. The Schwartz 

Inequality (see Hildebrand [1965]), written as 

| Jf(x)2dxj |  Jg(x)2dx| > |  Jf(x)g(x)dx| 2 , (D.2) 

f(x) 
where equality is observed if and only if is constant, can be 

used to investigate the positive definiteness of the integral (D.l). 

This Inequality is applied here by first observing that, because it 

is real and symmetric, a matrix of the form of (D.l) will be positive 

definite if all of its eigenvalues are positive (see Chen [1970]). Of 

the four eigenvalues of (D.l), it can be shown that two are always 

positive while the remaining two will be positive if the inequalities 

b r b 

J( V l d )2dt J(l)dt > JlYldldt 

J(Y2d)2dt J(l)dt > |  Jh| 
a  •  a  

Iy2d'dt 

I 2 

I 2 
(D.3) 

are satisified. 

With the persistent excitation condition expressed in this 

manner, application of the Schwartz Inequality implies that the 

inequality expressed in (D.3) will hold for the ith actuator if and 

(V id)  „  
only if -jjy is non-constant. The conclusion, then, is that desired 
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actuator velocities will be persistently exciting if such velocities 

are non-constant during intervals in which the adaptive 

identification scheme is engaged. Thus the estimates of the friction 

model parameters are guaranteed to converge asymptotically to 

their true values. 
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