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ABSTRACT

The objectives o f this research are: i) to model the grasp between the fingers of a dex

terous mechanical hand with soft finger-tips and an object; ii) to devise a control law 

such that the actual linear impedance model of each grasping finger is matched with the 

desired impedance; iii) to develop a control law such that the contact wrenches between 

each grasping finger and the object are maintained during a task and the presence of un

certainties.

Using the causality principle, each grasping finger is modelled as a system consisting of a 

mass, a spring and a damper in each direction of the end-point reference coordinate 

frame. In this model, the spring and damper are connected in parallel between the mass 

model of the finger and the palm of the hand. Similarly, the soft finger-tip is modelled as 

a spring and damper system connected in parallel between the mass model of the finger 

and the grasped object. The model of the finger, with its mass, spring and damper param

eters given, is referred to as the targeted impedance.

In general, the actual linear model of each grasping finger is different from the model 

specified by a targeted impedance. In order for each finger to have the impedance model 

specified by the targeted impedance, the concept of impedance matching and a method of 

implementation are proposed. Implementation of the impedance matching concept is 

based on the linear dynamic decoupling approach. It is shown that when the exact model 

parameters of the finger are known, the implementation o f this method results in the 

actual impedance model of the finger to be replaced with the targeted impedance.
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When fingers of a dexterous mechanical hand are grasping an object, they must exert 

wrenches equal to the desired grasping wrenches. Furthermore they must maintain these 

wrenches during the task and presence of uncertainties. Using the matched impedance 

model o f the finger and the model of the soft finger-tip, a grasping wrench control archi

tecture is developed. This architecture is obtained based on the input/output relationships 

of the impedance/admittance of these models. It is shown that in the presence of uncer

tainties in the actual parameters of the finger and the presence o f disturbance wrench, the 

grasping wrench controller would not have the desired performance. Based on the theory 

o f the servomechanism problem, the feedforward control impedance/admittance blocks of 

the general control architecture are modified such that the controller exhibits robustness. 

The modified architecture has the property that the error between the actual and desired 

grasping wrenches approaches zero asymptotically. This asymptotic regulation occurs 

even when there are uncertainties in the parameters of the actual finger, and where there 

is a constant disturbance wrench. The performance of the robust controller is demon

strated through simulation and shown experimentally using a 2DOF planar finger with 

soft finger-tip making contact with a rigid wall. Also, based on the robustness theory, a 

robust grasping wrench controller is proposed for tooling tasks. In this controller, a 

model o f  the exogenous disturbance wrench which arises from the interaction of the tool 

with the environment is included in the control architecture.
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ABSTRACT

The objectives of this research are: i) to model the contact between the fingers o f a dex

terous mechanical hand with soft finger-tips and an object; ii) to devise a control law 

such that the actual linear impedance model of each grasping finger is matched with a 

corresponding desired impedance; iii) to develop a control law such that the contact 

wrench between each grasping finger and the object is maintained during a task per

formed, in the presence of parameter uncertainty and disturbances of a certain class.

Using the causality principle, each grasping finger is modelled as a system consisting of 

a mass, a spring and a damper for each direction of the end-point reference coordinate 

frame. In this model, the spring and damper are connected in parallel between two 

masses modelling the finger and the palm of the hand respectively. Similarly, the soft 

finger-tip is modelled as a spring and damper connected in parallel between masses 

modelling the finger and the grasped object respectively. The desired model o f the finger 

including its mass, spring and damper parameters is referred to as the targeted 

impedance.

In general, the actual linear model of each grasping finger is different from the desired 

model specified by the targeted impedance. In order to achieve the desired impedance 

model the concept of impedance matching and a method for its implementation are pro

posed. The implementation of the impedance matching concept is based on the linear 

dynamics decoupling approach. It is shown that when the model parameters of the finger 

are precisely known, the implementation of this method generates the replacement of the 

actual impedance model of the finger with the targeted impedance.

When fingers of a dexterous mechanical hand are grasping an object, they must exert
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wrenches equal to certain desired grasping wrenches. Furthermore these wrenches must 

be maintained during the task and in the presence of uncertainties and disturbances. 

Using the matched impedance model of the finger and the model of the soft finger-tip, a 

grasping wrench control architecture is developed. It is shown that in the presence of 

uncertainties in the actual parameters of the finger, and o f disturbance wrenches, the 

grasping wrench controller could not have the desired performance. Based on the theory 

o f the servomechanism problem, the proposed control architecture was modified such 

that the system exhibits robustness properties. The modified architecture generates the 

property that the error between the actual and desired grasping wrenches approaches zero 

asymptotically even when there are uncertainties in the parameters of the actual finger, 

and disturbances of a certain class(constant or sinusoidal). The performance of the robust 

controller is demonstrated through simulation, and shown experimentally using a 2DOF 

planar finger with soft finger-tip making contact with a rigid wall. The performance is 

also illustrated using a robust grasping wrench controller for tooling tasks. The robust

ness is obtained by including a model of the exogenous disturbance wrench, which arises 

from the interaction of the tool with the environment, in the control architecture.
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LIST OF NOMENCLATURE

A,B,C,D = system matrices.

Cq = diagonal damping matrix.

Cfe = actual damping matrix of a finger expressed in the finger end-point reference

coordinate frame.

Ca = targeted damping expressed in the object reference coordinate frame.

C, = targeted damping of the finger.

Qip = targeted damping expressed in the finger-tips coordinate frames.

Cu = damping property of a soft finger-tip.

G = Grasp Matrix.

= contact configuration model based on the twist representation.

H f = concatenated contact configurations model

Hw = contact configuration model based on the wrench representation.

Hf, = concatenated contact configurations model

I = identity matrix.

J  = Grasp Jacobian Matrix.

Je = a finger Jacobian.

Je  = concatenated Jacobian of fingers.

K() = diagonal stiffness matrix.

Kfe = actual stiffness matrix of a finger expressed in the finger end-point reference

coordinate frame.
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K0 = stiffness expressed in the object coordinate frame.

Kser = gain matrix on the state of the servo-compensator.

K, = targeted stiffness of a finger.

Ksla = gain matrix on the state of the system.

K up =  stiffness expressed in the finger-tips coordinate frames.

Ku =  stiffness matrix of the soft finger-tip.

M() = diagonal mass matrix.

Mfe = actual inertia matrix of a finger expressed in the finger end-point reference 

coordinate frame.

M fe = approximate model of inertia matrix of a finger expressed in the finger end

point reference coordinate frame.

Mt -  desired mass model of a finger.

Z j  =  decoupled impedance of a finger with soft finger-tip.

Zf  = actual impedance of a finger.

Zs = impedance representation of the matching condition.

Z* = known resultant impedance of a finer.

Z, = targeted impedance of a finger.

Zu = impedance of the soft finger-tip.

L,M,N,P,Q,R  = Pl'uker line coordinates.

S = a screw.

T = a twist.

Tc -  a twist expressed in contact reference coordinate frame.

Tc = combined vector of twists expressed in the contact reference coordinate frames.
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T1 ep = end-point twist.

Tfe = twist of a finger end-point.

T}e = the desired twist of a finger end-point.

To = a twist expressed in object reference coordinate frame.

Toe = a twist of the object at the contact area.

Tec = combined vector of twists of the object at contact areas.

Tiip = a twist expressed in finger-tip reference coordinate frame.

T% = vector of joint velocities.

W = a wrench.

wd = disturbance wrench.

= external wrench.

Wee, = actuating wrench expressed in the end-point reference coordinate frame.

K * = actuating wrench as function of targeted impedance.

w ' = grasping wrench.

w*™ g = desired grasping wrench.

Wc = a wrench expressed in contact reference coordinate frame.

wc = combined vector of wrenches expressed in the contact reference coordinate

frames.

= a wrench expressed in object reference coordinate frame.

Wcc = a wrench expressed in object/contact reference coordinate frame.

= combined vector of wrenches expressed in the object-contact reference frames.

Wtip = a wrench expressed in finger-tip coordinate frame.

Wtip = combined vector of the wrenches expressed in the finger-tips coordinate

frames.
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We = vector of joint torques. 

e = error vector.

/  = force vector.

m = dimension of input control vector u. 

m0 = moment vector.

mt = dimension of space of twist-of-constraint. 

mw = dimension of wrench-space of contact area . 

n = dimension of the state vector*.

nt = dimension of space of twist of a finger-tip or object at contact area.

ntt = total dimension of the spaces of twists of finger-tips or object at contact areas.

nw = dimension of wrench-space of finger-tip or object at contact area.

nwt = total dimension of the spaces of wrenches of the finger-tips or object at contact

areas.

r =  dimension of the output vector y. 

s = Laplace operator.

S1 .S2 .S3 .S4 .S5 .S6 = components of a screw.

I = time.

f i . f2 >f 3 >f4 >f5 . f 6 = components of twist, 

u = input control vector, 

v = velocity vector.

ivi,W 2 ,W3 ,W4 ,W5 ,W6 = components of a wrench,

x  = state vector of a system. 

y  = output vector of a system.
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yref  = reference output vector.

P* = system matrix of a servo-compensator.

A = system matrix of a servo-compensator.

Y  = companion matrix of the exogenous inputs. 

CLp = coefficient of polynomial, 

e = dual operator.

T|, = intensity of a twist.

tiw = intensity of a wrench. 

p. = eigenvalue.

v = transmission zero of a system.

Pj = pitch of a screw,

p, = pitch of a twist.

pw = pitch of a wrench.

T|/ =  intensity of a twist.

tIm, = intensity of a wrench.

£, = state vector of a servo-compensator. 

to = disturbance.

(i>d = angular frequency of disturbance .

00f = angular frequency of excitation force.

COm, = angular frequency of the dynamic intensity.

_T"(.) = differentiation with respect to time t. at

j(.)dt = integration over a period of time t. 

e  = member of.
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IIQII = norm of (.).

= partial derivative.
d(.)

Q t = transpose of (.). 

8(.) = variation of (.).
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CHAPTER I
Introduction

This chapter presents the motivation, objectives and contributions of the thesis. It is 

organized as follows: section 1.1 describes the motivation of the thesis; section 1.2 out

lines the main areas of research in dexterous mechanical hands; section 1.3 presents the 

review of the related literature and section 1.4 states the contributions of the thesis. 

Finally, section 1.5 presents the organization of the remaining chapters in this thesis.

1.1 Motivation of the Thesis

Advanced applications of a manipulating system for automating the manufacturing 

work-cells require an in-depth understanding and fundamental research into the various 

issues arising from the current applications to manufacturing work-cells.

A typical automated manufacturing work-cell usually has a manipulator which can 

perform a number of tasks, Goldenberg and Payandeh[l], Figure 1.1. These tasks can be 

divided into two basic categories:

a) pick-and-place tasks,

b) tooling tasks.

The first category consists o f tasks where a manipulator has to pick an object from a pick 

location and put it at a given place location. These tasks, may involve various types of
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q manipulator

e n d -e fF e c to r

a box
t o  b e  l i f t e d  up

q s h e e t  o f  p l a s t i c  
t o  b e  p icked  upa s u r f a c e

t o  b e  g ro u n d

Figure 1.1 -  A m anipulator with various tasks assigned  
to its w ork-cell.
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objects with different geometric attributes. Hence, the end-effector o f the manipulator 

must be changed frequently in order to grasp different shaped objects at the pick loca

tions. As a result, in the sequence of the operation, delays are introduced to allow 

enough time to interchange the end-effectors and this increases the total operation time. 

The change of end-effectors becomes a necessity when the manipulator has to perform a 

tooling task, e.g. surface finishing task, in addition to the pick-and-place task and hence 

the presence of the delays in the sequences of operations becomes inevitable.

One possible solution to the above problem is to attach a multi-end-effector to the 

end-plate of the manipulator. In principle, a multi-end-effector consists of number of 

specialized end-effectors and specialized tools for performing different tooling tasks, all 

combined as a single unit. For example, to pick-up an object, a designated end-effector is 

selected and located on top of an object at a pick location and then, for performing a tool

ing task, a designated tool is selected. Figure 1.2 shows an example of a dual end-effector 

where a gripper and an automatic screw driver are attached through a common based to 

the end-plate o f the manipulator. Pick-and-place task can be performed by selecting the 

gripper and noting its relative location with respect to the end-plate reference coordinate 

frame and screw driving task can be performed by selecting the screw driver.

A multi-end-effector offers a solution to each specialized work-cell of a factory, 

however, this implies that a number o f dedicated multi-end-effectors should be available. 

As a result, if  the overall production objectives of the automated work-cells are modified, 

the dedicated multi-end-effectors will have to be discarded.

A natural extension from a multi-end-effector to a more advanced concept which 

does not have the above mentioned disadvantages is a dexterous mechanical hand. The 

main advantage of a dexterous mechanical hand is its universality. This means that the 

hand can be used to pick up various types of objects with different attributes regardless 

of the category of task, i.e. pick-and-place or tooling tasks.

Another application of a dexterous mechanical hand can be found in the
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connectlon to  tine
end-plate o f  a M anipu la to r

connon b a se

an e n d - e f f e c t o r  (gripper) 
t o  pick up 

a  box  t y p e  o b j e c t
an automatic sc rew -d r iv e r

Figure 1.2 -  A dual end-effector, Goldenberg and 
Payandeh[l].
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biomechanical area where the hand can be used as a replacement of a person’s natural 

hand if a part of or all of his/her hand had been lost. Current replacements consist of an 

end-effector which resembles two fingers of a human hand with very limited dexterity. 

These replacements although practical, do not satisfy the original needs for dexterity of a 

disabled person for manipulating his/her environment.

1.2 Dexterous Mechanical Hands

A dexterous mechanical hand is an end-effector whose mechanical structure and 

modes of operation resemble those of a human hand. In principle, this mechanism con

sists of a base, i.e. a palm, where a number of open kinematic chains, i.e. fingers, are 

connected to, see Figure 1.3. Each finger may consist of a number of joints, i.e. revolute 

and/or prismatic, which are actuated either directly or indirectly. Direct actuation of each 

joint of a finger is referred to as a method where the actuators are located either in each 

joint or in the palm and they are connected to a finger through a closed-kinematic chain, 

Hunt and Torfason[2], Asada and Youcef-Toumi[3], Figure 1.4. Indirect actuation is 

referred to a configuration of a hand where each joint of a finger is actuated through 

drive mechanisms which are connected to the actuators located external to the hand, 

Salisbury[4]; Jacobsen, Wood, Knutti and Biggers[5]; Goldenberg and Kim[6], Figure 

1.5.

Application of a dexterous mechanical hand to automated manufacturing work-cells 

is still in its infancy. This is due to the following issues which could be considered as 

research objectives in various engineering, applied mathematics and computer science 

fields , Payandeh and Goldenberg[7]:

•  Mechanical Configuration

•  High-level Control

•  Low-level Control

In mechanical configuration, compactness and lightness of the design are the main
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a  r e v o l u t e  jo in t

pain
a t t a c h e n e n t  t o  th e  
e n d - p l a t e  o f  t h e  
n a n ip u la to r

Figure 1.3 -  A schem atic of a dexterous m echanical hand.
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ac tive  joints

a )  using c lo s e d -k in e m a t ic  b> using s e r i a l  c o n f ig u ra t io n
chain

Figure 1.4 — Schem atic of directly actuated finger's joints.
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i

tendons
pulleys

a c t u a t o r

Figure 1.5 -  Indirect actuation of the joints of a finger 
using tendon m echanism s.
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issues. Designing a hand where the complete actuating system can be fitted in the palm 

of the hand, or in the joints of a finger, and still being light, is the major concern in this 

area.

High-level control is a decision making process for performing tasks which are assigned 

to a work-cell of a dexterous mechanical hand. These hierarchical decision making 

stages are defined as follows:

a) arm/hand system path planning,

b) hand pregrasp configuration,

c) grasping, and

d) manipulation

Definition 1.1: Path-planning is a decision making process for determining a collision 

free path of the arm/hand system in order to accomplish a given task, Figure 1.6. The 

planning utilizes various external knowledge sources which may be supplied by various 

external sensing systems, e.g. a vision system.

Definition 1.2 : Pregrasp configuration of a hand is a posture which depends on the attri

butes of an object and types of task assigned to a work-cell and it is suitable for accom

plishing the given task. This configuration can determine the number of fingers to be 

used and the pose that each finger must have when approaching the object to be grasped, 

Payandeh and Goldenberg[8].

Definition 1.3 : After approaching and pregrasping, grasping is the process of making 

and maintaining contact(s) with an object without change of contact points during a 

preassigned task.
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o b s t a c l e s

p la c e
lo ca t io n

pick
lo c a t io n

collision f r e e  p a t h

Figure 1.6 -  A collision free path of the arm /hand system .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

-11 -

Definition 1.4 : Manipulation is the movement of grasping fingers which can move the 

grasped object with respect to the palm. Manipulation of the grasped object is further 

divided into two categories: a.) fine manipulation and b) coarse manipulation.

Definition 1.4.1: Fine manipulation is referred to as the relocation of the grasped object 

with respect to the palm where fingers of a dexterous mechanical hand maintain contact 

with the object. Rolling an object between the fingers is an example of fine manipula

tion, Hui and Goldenberg[9], Figure 1.7.

Definition 1.4.2 : Coarse manipulation is referred to as the relocation of the grasped 

object with respect the palm where the fingers of a dexterous mechanical hand periodi

cally lose and gain contacts with the grasped object. For example, relocation of the pen

cil between fingers when it is grasped from the wrong end, Figure 1.8.

The decisions of the high-level control, e.g. finger-tip grasping forces and moments, are 

passed to the low-level control for execution. The objectives of the low-level control are 

to execute and maintain these command vectors in the presence o f uncertainties and 

unwanted input disturbances acting on the dexterous mechanical hand.

1.3 Related L itera tu re

The thesis is concerned with the area of grasping. Specifically, the objectives of this 

research are: i) to model the grasp between the fingers of a dexterous mechanical hand 

with soft finger-tips and an object; ii) to devise a linear control law such that the actual 

linear impedance of each grasping finger is matched with the desired impedance; iii) to 

develop a control law such that the contact between each grasping finger and the object is 

maintained during a task and the presence of uncertainties.

The research in the area of grasping has been divided into three basic subareas:
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a ball

a  finger
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^Figure 1.7 -  Example of a fine m anipulation.
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a  d e x t e r o u s  
nechanlco.1 hand

a pencil being held 
upside down

Figure 1.8 -  Example of a coarse m anipulation.
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a) methods for determining the directions and magnitudes of grasping forces 

between the finger-tips and the grasped object,

b) methods for determining the response of the grasp to the external forces acting 

on the grasped object, i.e. determining grasp properties, and

c) methods for controlling the grasp such that the object does not slip between 

fingers during a task execution

The following is a review of some of the major research in these subareas:

Research in the area of determining the magnitudes and the directions of grasping forces 

have mostly been based on the assumption that there are three grasping fingers which 

make point contact with friction with the object. Using screw theory and geometric 

representation of the object, Holzmann and McCarthy[10] proposed a method which 

e: sures condition that prevents the grasped object from slipping under its own weight 

between the fingers. This method can also be extended to determine the optimal contact 

configuration that fingers can make with an object. Yoshikawa and N agai[ll] proposed a 

method which does not require the knowledge of the external forces acting on the 

grasped object, i.e. weight of the object. The method used a special property of the grasp 

matrix which permits the determination of the maximum magnitude o f the grasping force 

that each finger can exert on the grasped object. Ji and Roth[12] proposed a method for 

computing grasping forces based on optimization technique and geometric reasoning. In 

this method the objective is to minimize the maximum angle between the direction of 

grasping force and the surface normal at the contact areas. Podhorodeski, Fenton and 

Goldenberg[13] proposed a method which analytically determines the bases of the null 

space of the grasp configuration matrix and extended the method of Ji and Roth[12] for 

cases where the out-of-plane surface normals are also considered for determining the 

optimal grasping forces. Demmel and Lafferriere[14] generalized the method of Ji and 

Roth[12] and reduced the nonlinear optimization method to the generalized eigenvalue 

problem which can be solved easily. The method was also extended to spatial grasps.
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In the subarea of determining properties of grasp, based on the method for control

ling a manipulator in contact with an environment, e.g. stiffness control, Mason and 

Salisbury[18] suggested that the grasped object should have the property of spring. For 

point contact with friction and a model of the grasp matrix, the desired spring property of 

each finger is represented in the finger reference coordinate frame. Nguyen[15] proposed 

that for a given contact configuration where the fingers make point contact without fric

tion, the grasp should have spring property so when it is displaced from an equilibrium 

configuration, it returns to this configuration. Li and Sastry[16] defined a number of 

grasp quality measurements for optimization which will determine an optimal grasp con

figuration of each finger given a model of tasks assigned to the grasped object. Cutkosky 

and Kao[17] discussed sources of the spring property of the grasp.

The overall control objective of the grasp controller is to control the position of the 

fingers and their contacting forces relative to the grasped object. Mason and Salis- 

bury[18] proposed a method for controlling the position of each finger. The method is 

based on the stiffness control approach which can control the grasping forces between 

fingers and the grasped object implicitly. Arimoto, Miyazaki and Kawamura[19] pro

posed a master/slave control approach for position control of each finger. In this 

approach fingers are grouped such that a group of slave fingers can follow the controlled 

motion o f a group of master fingers. The object is held between grasping fingers by 

ensuring that relative distances between fingers are maintained, i.e. implicit method of 

grasping force control. Furthermore, stability of the controller is ensured using the 

Lyapunov method. Li and Sastry[16] proposed a method where each finger is controlled 

depending on the other fingers. In this method both positions and grasping forces 

between fingers and the object are controlled, i.e. the grasping forces are controlled 

explicitly. The grasping forces are assumed to be measured using a force measuring 

transducer.
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1.4 C ontributions of the Thesis

In general, this thesis is concerned with the modelling of the interaction between the 

fingers and the grasped object, and the design of a linear control law such that the contact 

between a finger and the object is maintained during a task. The major contributions of 

the thesis are highlighted as follows:

i) An approach to model the contact between the grasping fingers with soft finger

tips and the object is proposed (section 2.1). The approach is based on the causal 

representation of mechanical elements. This approach leads to simple models.

ii) Concept of impedance matching which is different than the concept of 

impedance control, Hogan [20], and a method for its implementation is proposed( 

chapter VI). In impedance matching the objective is to design a control law such that the 

actual impedance model of a finger is replaced by, i.e. matched with, a desired 

impedance, whereas in impedance control the objective is to design a control law such 

that a desired impedance model o f the contacted environment is implemented.

iii) Using the concept of impedance matching and the model o f the soft finger-tip, 

an architecture for independent control of the grasping forces and moments, i.e. grasping 

wrenches, of each finger is proposed, see section 3.3.

iv) In order to ensure that the grasping wrench controller has the desired perfor

mance based on the theory o f the servomechanism problem, a robust control architecture 

is proposed. With this controller the response is asymptotically stable when constant or 

sinusoidal disturbance wrenches are acting on the system and when variations in the 

dynamic parameters of the finger occur( section 3.6). The theory is illustrated using an 

example of a tooling task performed with a grasped tool( section 3.7).

v) The performance of the independent control of the contact wrench of a finger is 

demonstrated through experiments using a 2DOF direct-drive planar finger with soft 

finger-tip making contact with a rigid wall. The experimental results agree with the 

simulated results( section 4.3).
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1.5 Thesis Organization

The thesis is organized as follows: chapter II postulates a desired model of a grasp

ing finger referred to as the targeted impedance and proposes a method for matching the 

actual linear impedance model of a finger with the targeted impedance; chapter III pro

poses a robust controller, using the matched impedance model of a finger, for controlling 

the grasping wrench between the finger and the object; chapter IV  presents the experi

mental verification of the robust controller, using a 1DOF finger, making soft contact 

with a rigid wall, and chapter V concludes the thesis and outlines future research.
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CH APTERII
Impedance Matching

In the previous chapter, definition 1.3 stated grasping as the process of making and 

maintaining contact with the object using mechanical fingers, object. In this chapter the 

model of a grasping finger is postulated. The desired model of the grasping finger is 

referred to as the targeted impedance.

In order to grasp an object, each finger moves infinitesimally from its initial contact 

point with the object. The dynamic model of the finger during the grasping process can 

be assumed to be linear about the initial contact point of the finger with the object.

In general, the actual linear impedance model of each grasping finger is different 

from the desired model specified by the targeted impedance. In order for the actual 

grasping finger to have the desired impedance, the concept of impedance matching is 

proposed with the method of its implementation.

For the purpose of clarity, the model of each grasping finger is presented as a one

dimensional model. However, the model is easily extendable to multi-dimensional sys

tem and to many grasping fingers since the approach used in control is decoupled dynam

ics. The chapter is organized as follows: section 2.1 presents a model of grasping fingers 

which form a grasp; section 2.2 presents the concept of impedance matching; section 2.3 

proposes a method for implementing the concept while section 2.4 presents a summary 

on the results of this chapter.
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2.1 G rasp  Model

This section presents a one dimensional model o f a grasping Finger. The results of 

this section are easily extendable to a multi-dimensional model of all grasping fingers 

which form the grasp.

Assumption 2.1: The palm of the hand and the objects to be grasped are rigid bodies. 

The finger-tip is compliant, i.e. soft, having spring and damping properties.

Definition 2.1: The port of interaction, see definition A.6, between two elements of the 

mechanical system is a causal one when the input/output of the elements at this port are 

matched, i.e. the output of one element is the input to the other or vice versa.

The following proposition states that the port of interaction between a spring and a 

mass element is causal.

Proposition 2.1: The port of interaction between a spring and a mass element of a 

mechanical system is a causal port of interaction.

Proof: The causal representation of a spring element has an across variable, e.g. a twist, 

as an input and a through variable, e.g. a wrench, as an output, see section B .l. Simi

larly, the causal representation o f a mass element is defined as having a through variable 

as an input and an across variable as an output. Therefore, when a mass and a spring are 

in contact, their corresponding inputs/outputs at their port of interaction are matched. □

C orollary 2.1: The port o f interaction between two mass elements is not a causal one. 

Referring to the causal representation of the mass element, figure B.2, when two mass 

elements are brought into contact, both elements require force as an input and produce 

velocity as an output. As a result, since the output of one element is not the input to the
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other or vice versa, the port of interaction between two mass elements is not a causal one.

Corollary 2.2: The port of interaction between a damper element and a mass element is 

a causal one.

Corollary 2.3: The port of interaction between the grasped object and the environment is 

not a causal one since both bodies are assumed to be rigid, i.e. two mass elements.

The following propositions first define the model of each grasping finger excluding 

the model of soft finger-tip and then the model of each grasping finger with soft finger

tip, see assumption A.2.

Proposition 2.2: The entire model of each grasping finger, excluding the soft finger-tip, 

must be modelled as a mass, spring and damper model where the spring and damper are 

connected in parallel between the mass model of the finger and the palm of the hand.

Proof: The proof is based on showing that any other combination of the mass, spring and 

damper models of a finger is not a causal combination but the combination in the state

ments of the proposition. Figure 2.1a shows a schematic o f only a mass model of a 

finger in contact with the palm of the hand. From corollary 2.7 it follows that if the 

finger is modelled as a mass in contact with the palm, i.e. another mass, their port of 

interaction is not a causal one, therefore, modelling the grasping finger only as a mass 

element is not a causal model.

Next let us now consider the model of a finger to be a spring in series with a damper con

nected between the mass model of the finger and the palm o f the hand, see Figure 2.1b. 

From proposition 2.1 it can be stated that in general, the port o f interaction between the 

spring and mass is a causal port. Also, the port of interaction between the damper model 

and a mass model is causal, see corollary 2.2. However, the port o f interaction between
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r f l  Cfe
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Figure 2.1 — Models of a finger which exclude the model of 
the soft fin ger-tip .
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the spring and the damper elements is not causal, i.e. port a in the Figure 2.1b. At this 

port, the spring element requires twist as an input. The damper element is represented as 

having wrench as an output because of its interaction with the palm. Therefore, at port a, 

the damper element has wrench as an output variable which does not match with the 

input requirements of the spring element. As a result, the model of Figure 2.1b is not a 

causal model.

Figure 2.1c shows the causal model of the finger. In this figure the ports of interaction 

between the spring and the masses of the finger model and the palm are causal ones. 

Also, the ports of interaction of the damper element connected in parallel between the 

spring element with the two masses are causal. As a result, the finger model of Figure 

2.1c is the only causal model. □

The following proposition gives the model of each grasping finger which includes 

the soft finger-tip in contact with the grasped object.

Proposition 2.3: Given the model of a finger which excludes the soft finger-tip, proposi

tion 2.2, the model of the soft finger-tip is given as the spring and damper models of the 

finger-tip connected in parallel between the grasped object and the mass model of the 

finger.

Proof: The proof is similar to the proof of proposition 2.2. Let Figure 2.2a represents a 

schematic model of the soft finger-tip in contact with the finger mass model and the 

grasped object. In this figure, the port o f interaction between the spring model of the soft 

finger-tip and the grasped object is a causal one. Also, the port of interaction between the 

damper model of the soft finger-tip and the mass model of the finger is causal. However, 

since at the port of interaction a, the input/output of the spring and the damper does not 

match, this model is not a causal model.

Figure 2.2b shows the causal model of the finger and the finger-tip in contact with the 

grasped object. As it can be seen in this Figure, the spring and the damper element of the
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m

Figure 2.2 -  Models of a finger with soft finger-tip in contact 
with the grasped object.
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soft finger-tip are connected in parallel between the grasped object and the mass model 

of the finger. □

The above propositions postulated a model of the grasping finger based on causal 

representation of mechanical elements. This generated a simple and intuitive approach to 

modelling the finger and the finger-tip in contact with the grasped object. Different 

models can be obtained based on non-causal representation of mechanical elements. 

However, the discussion on the implications of these non-causal models is beyond the 

scope of this thesis.

The parameters of the model of each grasping finger can be selected such that the 

responses of all the grasping fingers can contribute in the desired response of the object 

to the external forces and moments. For example, for contact tasks, it is shown in section 

c.l that the grasped object must have spring or damper models at the port of interaction 

with the environment. Relationships between the spring and damper models of the 

fingers expressed in the finger-tips reference coordinate frames and the spring and 

damper models of the object expressed in the contact reference coordinate frame are 

developed. In general, the parameters of the spring and damper models of each finger can 

be selected such that the grasped object has the desired parameters at the port of interac

tion with the environment. Another example is when holding a vibratory object, section 

c.2. In this case, a method for determining the relationships between the model parame

ters of the grasping fingers is developed such that the vibration of the grasped object can 

be reduced to zero.

Throughout the remainder of this thesis it is assumed that these parameters are 

given and the model is referred to as the targeted impedance of a finger Z,. In general, 

the impedance model represents a relationship between the force and displacement, 

Hogan[20j.
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2.2 Im pedance M atching Concept

This section presents the concept of impedance matching which establishes an 

objective foi designing linear feedback control laws to control a finger o f a dexterous 

mechanical hand with soft finger-tip in contact with the object.

The notion of impedance matching is used in various engineering fields. For exam

ple, in electric circuit theory, the objective is to maximize the power flow between the 

main power line and the load by designing an intermediate circuitry, e.g. either in parallel 

or in series, which matches the load impedance to the main line impedance, Seshadri[21], 

Also, this notion is used in the vibration control of a beam, Van de Vegte[22].

In general, the actual linear impedance model of a finger given by Zy is different 

from the impedance model specified by the targeted impedance Z,. Impedance matching 

is referred to as the objective of replacing Zy with Z ,. In this thesis this replacement(or 

matching) is achieved using linear feedback control.

The concept o f impedance matching is different from the concept o f impedance 

control which was proposed by Hogan[20]. Unlike the impedance matching concept, pro

posed in this thesis, in impedance control the objective is to design a feedback control 

law such that a desired impedance model o f the contacted environment is obtained.

2.3 Im plem entation of the Im pedance M atching Concept

This section presents the method for implementing the concept o f impedance 

matching.

A ssum ption 2.2: The actual dynamic parameters of a finger with the soft finger-tip are 

known and there is no disturbance wrench acting on the finger.

Assum ption 2.3: During grasping, the palm of the hand is fixed with respect to the 

object reference coordinate frame.
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Assumption 2.3: During grasping, the palm of the hand is fixed with respect to the 

object reference coordinate frame.

The actual linear dynamic model of a finger in contact with the grasped object 

expressed in the finger end-point reference coordinate frame is written as, see Appendix 

D :

MfeTfe + CfeTfe + KfejTfedt + Waa = , (2.1)

where based on assumption 2.2, the actual parameters of the finger namely, M fe,Cfe and

Kfe are assumed to be known. W ^  is the external wrench acting on the finger, Wact is

the actuating wrench defined in the finger end-point reference coordinate frame and Tfe 

is the twist of the finger end-point, see section A.2.

In mechanical model representation, a wrench is defined as a through variable in the 

elements of the system. In equation 2.1, W ^  is the external wrench acting on the finger 

which is also the wrench defined in the contact reference coordinate frame. The bases of 

this wrench are defined by the constraining-wrenches, see definition A .ll ,  which are the 

bases of the grasping wrench Wg. Therefore, we can write:

Wal = Wg .

The grasping wrench Wg is calculated from the knowledge of the model of soft finger

tip, see proposition 2.3, as:

= CuTfe + KujTfedt . (2.2)

Substituting the above equation into equation 2.1 we have:

MfeTfe+(Cfe + Cu)Tfe+(Kfe + Ku)jTfedt = , (2.3)

or, the actual impedance of the finger in parallel with the impedance o f the soft finger-tip
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where Zy= Mfes 2+Cfes+Kfe and Z u = Cus+Ku.

The method of implementation of impedance matching is based on the method of 

linear dynamic decoupling control law.

Definition 2.2: A linear dynamics decoupling control law or computed torque method, 

Goldenberg[23], consists of two parts. The first part is the actual linear model of the 

finger which when implemented cancels the coupled dynamic parameters of the finger 

and the second part is a decoupled linear control law.

Based on the above definition, the control law for implementing the impedance 

matching concept is written as:

Wact = [M/eW ^,+C/er /e+K/J r /edr+U'J , (2.5)

where W%., is the linear control law for the decoupled model of the finger with soft 

finger-tip in contact with the object. Substituting the above control law into equation 2.3 

we have:

MfeTfe+CfeTfe+Kfe\Tfedt+Wg =  M/eW ^, + CfeTfe+Kfe\Tfedt+Wg . (2.6)

Simplifying the equation, we obtain the following dynamic model, dynamics of the 

inner-loop, Figure 2.3,

W%:t =Tfe = ± Z dTfe , (2.7)

where
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inner—loop

-1

4 -i

actact

W act

f i n d e r
f in g e r - t ip

outer- loop

Figure 2.3 -  Control block diagram of the im plem entation of 
impedance m atching concept.
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Zd = s2l  .

Z d is referred to as the feedback decoupled impedance model of a finger with soft

finger-tip in contact with the grasped object. In order to cancel the dynamics of the inner

loop, the linear controller W is defined as:

Weact = W,act- ± { Z l+Zu- Z d)Tfe , (2.8)

where W^  is the reference actuating wrench and,

Zs = Z,+Zu—Zd , (2.9)

the impedance model Zs is referred to as a matching condition which includes the tar

geted impedance, the impedance model of the soft finger-tip and the impedance model of 

the decoupled model of the finger. Substituting the linear decoupled control law of equa

tion 2.8 into equation 2.7 we have:

Wtact = - ( Z ,  + Zu)Tfe . (2.10)
s

Figure 2.3 shows the control block diagram o f the implementation of the impedance 

matching concept. Comparing equation 2.10 with the actual impedance model of the 

finger in parallel with the impedance of the soft finger-tip given by:

Wad = -j(Z f + Z u)T fe , (2.11)

it can be seen that the actual linear impedance of the finger Zy is replaced with the 

desired impedance rpecifiea by the targeted impedance Z,.

2.4 Sum m ary

This chapter first postulated a one dimensional linear model for the grasping finger

with soft finger-tip. The models are obtained using the principle of causality. It was
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proposed that the finger must be modelled as a spring and a damper connected in parallel 

between the mass model of the finger and the palm of the hand. Similarly, the soft 

finger-tip was modelled as a spring and a damper connected in parallel between the mass 

model of the finger and the grasped object. However, the one dimensional model easily 

extendable to multiple dimensions and can also model the interaction of the robotic arm 

with an environment. The model of a finger where its parameters are given is referred to 

as the targeted impedance.

In general the actual linear impedance model of the finger is different from the 

desired model specified by the targeted impedance. The second part of the chapter was 

concerned with the implementation of the impedance matching concept where the objec

tive was to match the actual impedance of a finger with the targeted impedance. A 

method for implementing this concept was proposed. Based on the assumption that the 

exact actual model parameters of the finger are available, a control law based on the 

linear dynamic decoupling was developed. It was shown that implementation of the con

trol law resulted in the actual impedance of the finger to be replaced with the desired 

impedance specified by the targeted impedance.
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CHAPTER III
Robust Control of Grasping Wrench

When a dexterous mechanical hand grasps an object, its fingers must exert the 

grasping wrenches on the object such that the object is held between the fingers. Further

more, these grasping wrenches must be maintained during a task and in the presence of 

uncertainties.

This chapter presents an architecture for controlling the grasping wrench of a finger 

with soft finger-tip in contact with the object. The control architecture of the grasping 

wrench takes advantage of the concept of impedance matching which was proposed in 

the previous chapter.

Based on the theory o f the robust servomechanism problem, Davison, Golden- 

berg[24], given a linear model o f a system, e.g. finger and finger-tip, in order for a robust 

controller to exist, the system must satisfy a number of conditions. This chapter examines 

the existence of the robust grasping wrench controller for a given model o f the system 

and further redefines the feedforward impedance/admittance blocks of the general grasp

ing wrench control architecture such that the architecture exhibits robustness. In addi

tion, based on the general theory, a robust grasping wrench controller is proposed for 

tooling tasks. For reasons of clarity, the analysis of this chapter is presented using a 

2DOF finger.

The chapter is organized as follows: section 3.1 outlines some previous published 

methods to control the contacting wrench between the end-point of a manipulator and the 

environment; section 3.2 presents the architecture for controlling the grasping wrench;
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section 3.3 presents the nominal model of a 1DOF finger with soft finger-tip; section 3.4 

discusses the sources of uncertainties in the nominal model; in section 3.5, based on the 

theory of the servomechanism problem, the existence of a robust controller given the 

nominal model is examined; section 3.6 gives the alternate definitions for the 

impedance/admittance blocks of the general grasping wrench control architecture which 

make the controller robust to constant unwanted input disturbance wrenches and varia

tion in the system parameters; section 3.7 extends the general solution to the ser

vomechanism problem for the case when a tooling task is assigned to the grasped object. 

Finally, section 3.8 summarizes the results of this chapter.

3.1 An Overview of Methods for the Control of Contacting Wrench

There have been numerous published methods for controlling the contact wrench 

between the end-point of a manipulator and environment. In the area o f grasping, these 

methods can be extended to control the grasping wrench between fingers o f a dexterous 

mechanical hand and the object. However, motivations for selecting these methods are 

not well defined and selection is heuristic in nature. The following overview outlines 

some of the published methods for controlling the contacting wrench between the end

point of a manipulator and the environment

De Schutter and Van Brussel[25] investigated the closed-loop performance o f vari

ous contacting wrench controllers to step inputs. These are, integral (I) or integral plus 

derivative (ID) controllers. Methods for selecting the gain parameters are defined based 

on the standard methods of pole-placement and/or optimal control, Davison[26], Van de 

Vegte[27]. Seraji[28] proposed a method to control the contacting wrench between the 

end-point of the manipulator and the environment based on proportional-integral- 

derivative (PID) controller, where the gain parameters are selected adaptively based on 

some adaptation law. A control law for controlling the grasping wrenches between the 

fingers of a dexterous mechanical hand and the object is proposed by Li and Sastry[16].
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This controller is a proportional-integral (PI) and the gain parameters are selected by 

using standard methods.

R em ark 3.1: Two main points are highlighted from the above :

a) The motivation for selecting a contacting wrench controller is not well defined, i.e. the 

selection is heuristic in nature.

b) The selection of the gain parameters is based on the standard methods, e.g. pole- 

placement, optimal control or adaptive algorithms.

The following section presents an architecture, based on the concept of impedance 

matching for controlling the grasping wrench between the finger-tip and the grasped 

object. Unlike the other published methods, this architecture is based on the input/output 

relationships of the matched model of the finger and the model of the finger-tip.

3.2 An A rchitecture for Controlling the G rasping W rench

This section presents the development of an architecture for controlling the grasping 

wrench based on the concept of impedance matching. Section 3.2.1 presents the open- 

loop architecture for controlling the grasping wrench in an ideal case when the exact 

model parameters of the finger and the finger-tip are known and there is no disturbance 

wrench acting on the finger. Section 3.2.2 presents the closed-loop architecture for con

trolling the grasping wrench based on the impedance matching concept and the 

impedance of the soft finger-tip and investigates the performance of the closed-loop 

architecture.

3.2.1 The O pen-Loop A rchitecture

From chapter 2, the closed-loop matched dynamics of a finger can be written as:
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W'ac, = | ( Z I+ Z J 7 >  , (3.1)

where Z, is the targeted impedance of a finger and Zu is the impedance of the soft 

finger-tip, or:

w l , = } ( z;)T / e ,

where Z* is referred to as a known resultant impedance. Figure 3.1 shows a one

dimensional model of a known resultant impedance of a finger with the model of the soft 

finger-tip in contact with an object. From assumption A 2  and proposition 2.3 we have 

the following input/output relationship using the impedance model of the soft finger-tip, 

as:

Wg = jZ u T fe . (3.2)

In grasping, each finger o f a dexterous mechanical hand must exert a wrench on the 

grasped object which is equal to the desired grasping wrench W*g. In general, the desired 

grasping wrench is determined by a grasp planner. As it was defined before, section 2.3, 

wrench is a through variable, definition B.2, in the spring and damper representations of 

the soft finger-tip. The desired grasping wrench W*g which a finger-tip should exert on 

the grasped object is determined by the finger end-point having a twist Tfe, i.e. an across 

variable, definition B.3, which is equal to the following

T*f e =sZ~uxW*g . (3.3)

In order to cause the finger end-point to have the desired twist T/e defined by equa

tion 3.3, the finger end-point actuator has to generate a through variable which is a func

tion of the resultant impedance of a finger with soft finger-tip in contact with the grasped 

object Z* or
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Figure 3.1 -  A known resultant impedance model of a finger 
with soft finger-tip in contact with the grasped 
object.
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W*act= W ,aa = j Z * t f e . (3.4)

Figure 3.2 shows the open-loop control block diagram architecture of the grasping 

wrench. In this control block diagram, the input W*g into the block sZ ^1 will result in the 

output Tfe, see equation 3.4. The output of this block becomes an input twist T*fe into the

block —Z j which results in the desired finger end-point actuating wrench W ^ f  The 
s

desired finger end-point actuating wrench is then implemented by the resultant closed- 

loop admittance block s[Z*]-1 of a finger to cause the finger end-point twist Tfe. This

twist will become an input to the impedance block of the soft finger-tip — Zu which will
s

result in the grasping wrench Wg .

The open-loop relationship between the actual and the desired grasping wrench can 

be written as:

Wg = [ Z J - 1 [ Z ^ t z ; ] - 1 [Z J  W*g , (3.5)

wg=iw; .

The above equation states that in an ideal case when the exact model parameters of the 

finger and the finger-tip are known and there is no disturbance wrench acting on the 

finger, the open-loop control architecture results in the actual grasping wrench Wg to be 

equal to the desired grasping wrench W*g.

3.2.2 The Closed-Loop Architecture

In the presence of uncertainties in the actual parameters o f the impedance model of 

the actual finger Zf , e.g. see equation 2.1, and the presence of the unwanted disturbance 

wrenches Wd which can act on the finger/object system, the actual grasping wrench Wg 

may not be equal to the desired grasping wrench Wg.

For example, for a 2DOF finger (Figure 3.3), let the transfer function between the
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*»act - 1sZ

Figure 3.2 — The open-loop control architecture for controlling 
the grasping wrench of a finger.
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finger  #1
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Figure 3.3 — A configuration of a finger in contact with the 
grasped object.
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component of the grasping wrench along the x-direction of the finger end-point and the 

component of the disturbance wrench, when f*g,x=0 and all the parameters are known be 

written as:

fg.x _ _________ cu,xS+ku,x_________  ^

Using the final value theorem, Van de Vegte[27], the steady-state value of the com

ponent of the grasping wrench to the step input disturbance wrench can be obtained as:

fg,x = tim s  f d,x(s)Trx(s) = -r-~ Z —  . (3.7)
s~*° K x+k*.x

The above equation states that the steady-state value of the component of the grasping 

wrench f gx to the step input disturbance is not equal to zero, i.e. f s,x^fg,x-

By comparing these wrenches, i.e. regulating the grasping wrench, an additional 

finger end-point actuating wrench can be generated which compensates for any differ

ences. Figure 3.4 shows the closed-loop grasping wrench control architecture.

For a 2DOF finger, Let Zd=EZd represent the actual feedback decoupled impedance 

model of a finger where, for example, comparing with the Zd, there are differences in 

their diagonal elements. Let Z u represent the approximate model of the soft finger tip. 

The transfer function of the control architecture of Figure 3.4 along the x-direction of the 

finger end-point when JVd=0 can be written as:

where:

I i ±  = Tr fg) = $  M  
fg.x X ’

D (s) — WltixCutxS Uix')Cn,x)s

i(fit,x'^^u,x)ku,x'̂ (.kl,x̂ "ku,x)^u,x)^'^(.kl,x'̂ 'ku,x)ku,x I

(3.8)
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w

Figure 3.4 -  The closed-loop control architecture for controlling 
the grasping wrench of a finger.
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N (s) — (cux(mtx "Kcu,x(Q,z"*"CUtJ;)+/rUij;(wi|,x l+e)+

{ t̂,X̂~Cux)Cux+mIxkux)S ~̂ (̂ u,X(kt,x'^kux)+kux(Ctx+Cux)+ 

Cu,x(kx+h,x)+(.Ct,x+Cu,x)kUix)S+ hA kx+ ku,x)Hkt,x+ku,x)ku,x) .

where e represent the magnitude of the diagonal elements of and kux and cUtX 

represent the approximate model of the soft finger-tip. Using the final value theorem, the 

steady-state value of the component of the grasping wrench along the x-direction of the 

finger end-point f g>x, to the step input in f gx can be written as:

f *x=lim 5  fo,x(s) Trx(s) , (3.9)
s-*0

or:

j  _ (kt,x+kUxX)k^x

ku,x(kt,x+ku,x)'*'(lct,x+ku,x)lcu,x

As can be seen from the above, the steady-state magnitude of the f gtX does not approach 

one even when kUtX=ku x, hence, the closed-loop controller dose not have the desired per

formance.

To further examine the closed-loop performance of the control architecture of Fig

ure 3.4, let us assume that there is a constant disturbance wrench acting along the x- 

direction of the finger end-point and there are some uncertainties in the model parameters 

of the finger and the soft finger-tip. The steady-state response of the component of the 

grasping wrench f giX to the step input disturbance wrench f ^ x when f g>x=0 can be written 

as:

^ . (3.10)
ku,xkî xĴ kuxkux-\'kLl̂xk^x-k'kUtXkux 

As can be seen the steady-state value never approaches zero even when the exact
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parameters of the soft finger-tip are known, i.e. ku z=ku x .

The remainder of the chapter will present an alternative definition for the feedfor

ward admittance and impedance blocks of the general controller such that the controller 

has the desired performance. The modified architecture has the property that error 

between the actual and the desired grasping wrench asymptotically approaches zero in 

the presence of constant disturbance wrench and variations in the model parameters of 

the finger, see section B.4.

3.3 A Nominal Model of a F inger with Soft Finger-Tip

This section presents formulation of the closed-loop dynamics model o f a finger 

with soft finger-tip in contact with the grasped object. This dynamic model is referred to 

as a nominal model which is then used in section 3.5 to examine the existence of a robust 

controller for controlling the grasping wrench. This model is obtained by rewriting the

control law for implementing the impedance matching concept introduced in the previous

chapter.

Definition 3.1: A nominal model of a finger with soft finger-tip in contact with the 

grasped object is obtained by assuming that the actual dynamic parameters of the finger 

and the soft finger-tip are known and there is no disturbance wrench acting on the 

finger/object system.

The simplified linear dynamic model of a 2D OF planar finger, see remark D 2, in 

contact with the grasped object is wntten as:

M fiT fi = Waet-W g  . (3.11)

From equation 2.10, a linear dynamic decoupling control law is written as:

W*, = M/elV L  + Wg , (3.12)
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where the grasping wrench Wg is calculated from the impedance model of the soft 

finger-tip given in equation 3.2. Substituting the control law of equation 3.12 into the 

dynamic equation 3.11 we have:

Tfe = Weact . (3.13)

Equation 3.13 represents a decoupled dynamic model of a finger with soft finger-tip in 

contact with the grasped object.

From equation 2.13, the matching condition can be written as:

= Zt+ lu- Z d .

From equations 3.13 and 2.12 we have Z d=s2l. Therefore, by considering a model of the 

targeted impedance Z, and a model of soft finger-tip Z u the above equation can be writ

ten as:

Z s =  (Mt- I ) s 2+(Ct+Cu)j + (K,+Ku) , (3.13a)

where M t- I  is the gain matrix for the derivative of the twist o f the finger end-point, i.e. 

Tfe.

Figure 3.5 shows the equivalent control block diagram of implementation of 

impedance matching of figure 2.3. Including the feedback gain on the derivative of the 

finger end-point twist in the linear dynamic decoupling control law of equation 3.12, we 

have:

Woe, = Mfe(Weac-(.M ,-l)tfe  )+Wg . (3.14)

Substituting the control law o f equation 3.14 into equation 3.11 we obtain the following : 

MfeTfe = MfeW ^ - M feM lt fe+Mfet fe+Wg-W g . (3.15)

Simplifying the above, the following dynamic model of finger with soft finger-tip in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

- 4 4 -

(M,- fe

f incjer
f in g e r - t ip

Figure 3.5 -  The equivalent implementation of the impedance 
matching concept.
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contact with the grasped object is obtained as:

K c t  =  h ^ 2 )T fe  =  ~ Z  7 T fe (3.16)

where Z2‘= M ,j2. The impedance matching condition Zs of equation 2.13 is then rewrit

ten in the modified form which includes only the gain matrices on the finger end-point 

twist and its in tegral: ( Figure 3 .6)

Z f  = (C ,+ C Jj+ (K ,+ K u) . (3.17)

In the standard state-space form, equation 3.16 is written as:

x  = Ax + Bm , (3.18)

where:

A =
0 0 1 0  
0 0 0  1 
0 0 0 0  
0 0 0 0

and B=
0
0

fat.*)-1
0

0
0
0

,-1

and jc sR 4 is defined as x=(jvfetXdt,jvfe<ydt,Vfex,Vfey)T and « e  R2 is defined as

U =  W%.[ =  (/acI,i'/ac/,>) •

The output vector y  = Wg=(fgtX,fg y)r  as a function of the state of the system is writ

ten as:

w h ere :

y  = Wg = Cx (3.19)

C = ku.X 0 Cu,X 0 
0 ^Uty 0 CU<y

and y e  R

Equations 3.18-3.19 represent the nominal model of a finger with soft finger-tip in
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m

Figure 3.6 -  The modified feedback decoupled and the modified 
matching condition.
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contact with the grasped object.

3.4 Sources of Uncertainties in the Nominal Model

The previous section presented the formulation of the nominal model o f a 2DOF 

finger. The underlying assumption, i.e. assumption 22 , in the above derivation was that 

the exact knowledge of the dynamic parameters of a finger and the soft finger-tip were 

available and there was no disturbance wrench acting on the finger/object system.

This section presents the formulation of the modified feedback decoupled dynamic 

model of a finger with soft finger-tip where the assumption 2 . 2  does not hold.

In practical implementation, the linear dynamic decoupling control law of equation 

3.14 is written as:

Waa = M f'iW lc '-M jf ')  + Wg , (3.20)

where M s = M t- I  and Mye represent the approximate inertia matrix of a finger expressed 

in finger end-point coordinate frame. Also, since the grasping wrench is calculated from 

the knowledge of soft finger-tip impedance and the state of the finger end-point, Wg 

represents the calculated value o f the grasping wrench based on the approximate model 

of the soft finger-tip given as:

Wg = j - Z uTfe , (3.21)

where Z u is the approximate impedance model of the soft finger-tip or:

Z u = Cus + Ku . (3.22)

The actual linear dynamic model of a finger, equation 3.11, which includes the pres

ence o f the disturbance wrench Wd, is written as :

MfeTfe = Wo* - W g + Wd , (3.23)
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where Mye is the actual inertia matrix of a finger, Wg is the actual grasping wrench and 

Wd is a representation of the disturbance wrench.

Assumption 3.1: The disturbance wrench Wd is due to any unwanted collision of the 

finger/object system with the moving obstacles in the work-cell or due to the effects 

which are not included in the dynamic model of a finger, see equation 3.11. These 

effects can be due to the coulomb friction wrenches at each joint of a finger.

Substituting the control law of the equation 3.20 into the dynamic equation 3.23 we

have:

MfeTfe = -  MfeMsTfe + Wg - W g + Wd .

Rewriting the above equation as:

Tfe = + [M/j+MyjMj] '1 (Wg-Wg)

+ [M/e+M/eM J -1Wd .

(3.24)

(3.25)

Equation 3.25 represents the implementation of equation 3.14 where the exact knowledge 

of the dynamic parameters of a finger and its soft finger-tip are not available. Rewriting 

the above equation in state-space representation we have:

x =
[0 0 1  ol 0 0 0 0 0 0
0 0 0 1
0 0 0 0 X + 0

bx
0

b 2 u + 0
ex

0
*2

+&
r1 0

ex
0

e i wd
0 0 0 0 b 3 b d eA e j e 4

(3.26)

where :

{Mfe+MfeMsY XMfe =
b i b 2 
6 3  6 4

e x e 2 
e 3 e 4
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The output o f the system is the grasping wrench Wg which is based on the approximate 

model of the finger-tip is written as:

W .= y  = 0 I 0 ru,y Luty
(3.27)

Equations 3.26-3.27 can be written as:

x  = Ax + Bu + E^Wg-Wg) + Ej Wd ,

y = C x

(3.28)

(3.29)

In equation 3.28, two types of disturbance terms are presented, namely, Ei(Wg—Wg) 

and E t Wd .

Definition 3.2: Non-exogenous disturbance is defined as the type of disturbance which 

depends upon the state of the system, i.e. a state of a finger of a dexterous mechanical 

hand*.

In equation 3.28, the non-exogenous disturbance arises from the inexact cancella

tion of the actual Wg and the calculated Wg grasping wrench. However, the effect of this

inexact cancellation can be represented as a change in the system matrix A. Rewriting 

equation 3.28 we have:

* “ Ax  + Bu + Ej [C -  C]x + Ej Wd .

In its simplified form as:

x  = [A+E! [C-C]]* + B« + E! Wd ,

or x  = Ax + ftu +E\W d . (3.30)
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The other type of disturbance E t which appears in equation 3.28 is the exo

genous disturbance wrench.

Definition 3.3: Exogenous disturbance is defined as the type of disturbance which does 

not depend on the state of the system, i.e. state of a finger of a dexterous mechanical 

hand x.

From assumption 3.1, this type of disturbance arises from, for example, the 

unwanted collision of the finger/object system with the moving obstacle in the work-cell 

of a dexterous mechanical hand or the effect of disturbances due to the presence of 

coulomb friction wrenches in each joint of a finger.

Comparing equations 3.29-3.30 with the nominal model o f a finger with soft 

finger-tip in contact with the grasped object, see equations 3.18-3.19, it is obvious that in 

practical implementation, there are differences between the actual model and the nominal 

model o f a finger. For example, A*A , B*B ,C*C and the presence of unwanted distur

bance .

In general, if  a control law is designed based on the nominal model o f a system to 

have certain performance specifications, its actual implementation may not have the 

desired performance. However, if  the control law is robust, its actual implementation will 

have similar properties as of the desired nominal performance.

3.5 Existence of a Robust C ontroller

This subsection, based on the results of theorem B 2 , Davison, Goldenberg[24], 

examines the conditions for existence of robust controller given the nominal model of the 

system, see equations 3.18-3.19.

The first condition that a nominal system must satisfy for existence o f a robust con

troller is that the system should be stabilizable see definition B .ll .

From the nominal system descriptions o f a 2DOF finger, we have the following
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system-parameter matrices:

A =

0 0 1 0 ' 
0 0 0 1 
0 0 0 0 
0 0 0 0

; B =
0 0
0 0

OH/,*)-1 0
0 1

c =0 ku .
Cu,x
0 ■u,y

(3.31)

From the above and equation B.15 we have n=4 , r=  2 , m=2 . The condition of stabil- 

izability based on the equation B.15 and the system-parameter matrices of equation 3.31 

is written as:

rank
0
0

0

0
0
0

0 0 0 0 0
0 (mt,y T 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

= n=  4 (3.32)

The result o f the above condition states that the nominal system is stabilizable.

The second condition of the theorem B.2 is that the nominal system should be 

observable, see definition B.12. From equation B.16 and the system-parameter matrices 

of equation 3.31 we have:

rank

0 c u,x 0
0 ku,y 0 C Li.y

0 0 ku ,x 0
0 0 0 ku,y
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

= n=  4 (3.33)

The above condition states that the nominal system is observable.

The third condition is that the number of the control inputs must be equal to or 

greater than the number of the regulated outputs. For the nominal system representation 

we have ( m = n  = 2).

The condition o f equation B.17 for the nominal system-parameter given in equation 

3.31 is written as:
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- v  0 1 0 0 0
0 -V 0 1 0 0
0 o - v  0 (mt,x) 0 (3.34)

k„.x 0 cUxX 0 0 o
0 ku,y 0 0 0

0 0 0 - v  0

where v is set equal to the roots of the characteristic equations of the linear differential 

equations modelling the exogenous inputs. For a given model o f the exogenous input, see 

equation B.19, as long as the rank of the matrix given by equation 3.34 is equal to 

n+min (r,m ) or for the example of this chapter, rank=6, a robust controller exists. Also, 

the output o f the system can be measured using the force measuring transducer or can be 

calculated using the knowledge of the soft finger-tip material properties as a function of 

the finger end-point twist.

Analogous to the above condition, we note that the nominal model represents a set 

of single-input/single-output transfer functions between the output grasping wrench Wg 

and the input actuating wrench W%.t defined by:

In the above equation it can be seen that the location of zero o f a decoupled transfer func

tion, i.e. transmission zero, is defined by the model of the finger-tip. Therefore, from 

theorem B 2  the roots of characteristic equation of exogenous disturbance wrench should 

not be equal to the zeros of SI SO transfer function matrices, i.e. no pole zero cancella

tion.

The above results conclude that there exists a robust controller for the nominal sys

tem defined in equations 3.18-3.19 with the system-parameter matrices specified in equa

tion 3.31 as long as for a given model of exogenous inputs the rank condition of equation 

3.34 is satisfied.

w g = [ Z 2 r l z u w ‘,*eact •
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3.6 Robust Architecture for Controlling the Grasping Wrench

Previous sections defined a modified feedback decoupled dynamic model of a 

finger with soft finger-tip in contact with the grasped object and demonstrated a need for 

a robust controller. Also, based on the conditions of theorem B 2  it was shown that the 

nominal system satisfies the conditions for existence of a robust controller as long as the 

roots of characteristic equation which model the exogenous disturbances satisfy the rank 

condition of equation 3.34.

This section shows how the definitions of the admittance/impedance blocks in the 

feedforward path of a general architecture for controlling the grasping wrench are modi

fied so the new controller is robust to the constant exogenous inputs.

In the actual dynamic model o f a finger with a soft finger-tip in contact with the 

grasped object, see equation 3.23, it was assumed that Wd models the exogenous distur

bance arising from the collision of the finger/object system with the unwanted moving 

obstacle in the work-cell or the effect of friction in each joint o f a finger. The model of 

this type of disturbance wrench along the finger end-point reference coordinate frame is 

presented as a first order linear differential equation given by

Wd = 0 or Wd = c , (3.35)

where c is scalar. The roots of characteristic equations o f the exogenous disturbance 

along the finger end-point reference coordinate frame defined in equation 3.35 are all 

equal to zero, i.e. J i >jC= 0 ,J ior=O. Substituting for v=5 l x and v= sly  into rank condition 

o f equation 3.34 it can be seen that the rank of the matrix is equal to 6, therefore, a robust 

controller exists.

From the control block diagram of Figure 3.4 and the general model of the servo- 

compensator defined in appendix B, see equation B.21, the above equation can be written 

as:
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rfe = [o o] (-\T%d t ) + [0 l] (3.36)

o r :

$ = A$ + pe .

For this example, the gain matrix on the state of the servo-compensator E, defined by 

equation B.20 is written as:

Kser— 0
0 k.■ser,y

(3.37)

The stabilizing gain matrix defined in equation B.20 are obtained from the modified 

matching condition given in equation 3.17, or

K«a= kt,x+K,x 0 ct,x+cu,x 0
0 k t y + k Uty 0  ^  , y  +C  ̂  y

(3.38)

Based on the theory, the gain parameters must be selected such that the closed-loop sys

tem is stable.

The controller of equation B.20 with the gain matrices defined in equations 3.37 and 

3.38 represents a decoupled robust controller for a decoupled nominal model of a finger 

with soft finger-tip. The relationship between the actual grasping wrench and the desired 

one can be written as: (see Figure 3.7)

w g = w r 1KsA z : r 1z j [ i H s i r i Kser[ z ; r l z uT l w ; .- l l (3.39)

Let the SISO transfer function of the component of the grasping wrench, e.g. f gtX , along 

the x-direction of the finger end-point reference coordinate frame system be written as:

fg-g'X kser,x^u,x '̂ '̂kserixkUix
f g .x  s ( ( f f l t ,x  1 + 1 )$  +(Ci,a:+CUix)$+(^(,x+^-u ,j:)) +  k s a r x {Cu x S + k u x )

-  Trx(s) (3.40)
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4—1
m

Figure 3.7 -  The robust grasping wrench controller of a finger.
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From the Routh-Hurwitz criterion, Van de Vegte[27], the stability of the above closed- 

loop transfer function is achieved if the following conditions are satisfied:

» C; X~̂~CU'X >0 ■> kser,xkU'X>o ;

TTlt rkror rl>M X
kt,x+ku,x+kser,xcu,x> !'z -  ' - . (3.41)

Ct.x+Cu.x

Similar constraint relationships can also be obtained along the y-direction of the finger 

end-point reference coordinate frame.

Let us assume that there are some uncertainties in the diagonal elements of the feed

back decoupled impedance model of a finger with soft finger-tip, i.e = eZ^ and in the 

knowledge o f the impedance representation of the soft finger-tip. The SISO transfer func

tion of equation 3.40 is written as:

4 -  = Trx(s) =
Jg,x

kser,xCutx$~̂ kser xkûx ,

Jr^ . k i x Jrk u x )-\-ks e r x Cû x)SJrk ser x̂ k u x

where (7 ) represents the approximate values of the impedance model o f the soft finger

tip and e represents the actual magnitude of the diagonal element of the feedback decou

pled model o f a finger with soft finger-tip in contact with the grasped object.

Using the final value theorem, the steady-state error between the actual grasping wrench 

and the desired one is written as:

= (fg,x~fg.x) ^ fg,x(s)Trx(s) = 0 . (3.43)

Equation 3.43 states that the output regulation always occurs between the actual output 

f a x  and the desired exogenous input f g <x even in the presence of uncertainties in the 

actual parameters of the finger and finger-tip.
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To further demonstrate the property of the closed-loop controller using simplified 

examples, let the following represent the transfer function between the f gtX and the com

ponent of the disturbance wrench f ^ x when f g%x =  0 and also when there are some uncer

tainties in the model parameters:

fg ,x  ^  ) ~
7 —  = -------------- ;----------: ------ ;--------- =--------------------------------- = 7>,(j )
Jd ,x  l+£)r ~̂ ~(CilX~ ^ C u ,x ~ ^{^ I ,x ~ ^^u 1x~^^ser,x^u,x')^~^~^ser,x^u.x

Using the final value theorem, the steady-state value of the f giX to the step input in f d x  

can be written as:

fg .x  = lim J f d .x ( s )  Trx(s) =  0 . s-»0

As it can be seen from the above, the steady-state value of the f g x  = f*gtX = 0 regardless of 

the disturbance. The next chapter will present the actual experimental performance of 

the robust grasping wrench controller for a 2DOF planar finger making soft contact with 

the rigid wall and exerting a desired wrench, i.e. Wg.

Figure 3.8 shows the simulated step response of the equation 3.40. This response is 

referred to as a nominal response where it is assumed that the exact parameters of the 

finger are known and there is no disturbance wrench acting on the finger. Figure 3.9 

shows the step response of the equation 3.42 when Zd=eZd where e = 0.8* 1. As can be 

seen from the figure, the actual response asymptotically follows the desired response. 

Figure 3.10 shows the step response of the controller when a disturbance wrench f dtX= 1 is 

acting on the finger. As can be seen from the figure, the response has a similar property 

as the response of Figure 3.8.

3.6.1 Algorithm to Design a Robust Controller for Constant Disturbance

This subsection outlines the necessary steps for designing a robust controller for 

grasping wrench based on the concept of impedance matching:
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g,x

0.5

T im e(sec )

Figure 3.8 -  A nominal responsie of the robust controller
along the x-direction of the finger end-point.
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g,x

nominal response

robust response

0.5.

T im e(sec )

Figure 3.9 — A response of the robust controller when there is 
uncertainty in the system  parameter.
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g,x

robust response

nominal response

05.

T im e (se c )

Figure 3.10 -  A response of the robust controller when a disturbance 
wrench along the x-direction of the finger end-point 
is present.
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Step 1: Determine the type of task which is assigned to the grasped object, e.g. a contact 

task.

Step 2: Determine an impedance model of the soft finger-tip.

Step 3: Determine a satisfactory range for the desired model parameters of the grasping 

finger, i.e. targeted impedance, see appendix C.

Step 4: Determine the gain matrix KJcr of the servo-compensator which results in the 

stable closed-loop system, i.e. inequalities 3.41.

3.7 An Application of the G eneral Robust C ontroller to Tooling Tasks

This subsection presents an application of the solution to the general servomechan

ism problem outlined in the section B.4, to the control of the grasping wrench when a 

tooling task is assigned to the grasped object. A method for controlling the contacting 

wrench of the manipulator when it is performing a deburring operation was also proposed 

by Kazerooni[47]. This method is based on the impedance control concept which was 

proposed by Hogan[20].

Figure 3.11 shows a schematic of a tooling task. In this figure, the fingers of a dex

terous mechanical hand have grasped a tool, e.g. cutting or abrasive tools, where the 

manipulator arm follows a specific trajectory with a specific feedrate velocity. As a 

result, the tool produces a desired finished surface regardless of the disturbance wrench 

which can act between the tool and the work-piece.

A ssum ption 3.2: Using a skilled operator equipped with a force sensing transducer the 

required wrench that he exerts while moving along the surface of the work-piece can be 

recorded, e.g. see Asada[29].

Assum ption 3.3: The actual components of the disturbance wrench Wj along the finger 

end-point coordinate frame are given as:
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Figure 3.11 -  A schematic of a tooling task.
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fd.x =7d,*sin(co<1f) ,

fd.y =7d,ySin(codr) . (3.44)

R em ark  3.2: The model of the exogenous disturbance given in equation 3.44 assumes 

that the feedrate velocity of the grasped tool and the end-plate of the manipulator are the 

same. In the actual implementation, there may be a difference between these two veloci

ties, i.e. (tool feedrate velocity < end-plate feedrate velocity ). As a result, the models of 

the components of the exogenous disturbance wrench acting on the finger end-point 

reference coordinate frame may be written as:

f d ,x  =7j,xSin(cod-Acod)r ,

fd .y  =Jd.ySm((Od-AO)d)t ,

where Aa>d represents the change in the angular velocity of the components of the distur

bance wrench due to the difference in the feedrate velocities. However, in this thesis it is 

Aa>d
assumed that — — <<1 and the models of the components of the exogenous disturbance 

along the finger end-point reference coordinate frame are as given by equation 3.44.

In general, the above components are solutions to the following linear differential 

equations defined by:

fd .x + k d .x fd .x  = 0 ,

"fd.y^d.yfd.y = 0 • (3.45)

The method for designing robust control of a grasping wrench for the tooling task is
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based on the direct application of the solution to a general servomechanism problem. For 

this application, the objectives are to follow the desired step input in the desired grasping 

wrench regardless of the presence of the unwanted disturbance wrench which arises dur

ing the tooling task and the presence of the friction wrenches in each joint.

From previous section, the roots of the characteristic equation representing the con

stant disturbance wrench are all zero, i.e. s iiX= j i,j=0 in equation 3.35. The roots of the__ 

characteristic equation of the input exogenous disturbance due to the tooling task along 

each axis of the finger point, i.e. a 2DOF finger can be obtained from equation 3.45 to be 

S2,x = and s2,y = ± j ^ d ^  where j  = V -T .

From equation B.21 and the definition of the servo-compensator, we have:

’  4i.x

42.x 1

%2,x2

4 i.y

§2,y\

$2.y2^

0 0 o 0 0 0
0 0 i o 0 0
o -^ .*o  0 0 0 
0 0 0 0 0 0
0 0 0 0 0 1
0 0 0 0 - k ^ y 0

Sl.x
%%x\
%2,x2
t l*

^2,yl
$Zy2

0 0 
0 0 
1 0 
0 0 
0 0 
0 1

(3.46)

or,

S = AS + p e  .

Let the model of a finger with soft finger-tip in contact with the grasped object be 

given by equation 3.13, or:

Tfe = Weact •

Which can be written in state-space form as:

x  = A°x + B°u ,

w here:

(3.47)

(3.48)
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ooio] ro o'
a o   0 0 01 . no _  00
A “  0 0 0 0  ’ D -  1 0

0 0 0 0  01

The output vector of the system is given by equation 3.19, or:

(3.49)

Similar to the section 3.5, the above nominal system satisfies the stablizability and obser

vability conditions. The condition of equation B.17 for the above system is written as:

By selecting v equal to the roots of characteristic equations of the exogenous inputs 

defined before, namely, Si<x,S i<y,S2,x>S2,y> it can be seen that the rank of the matrix in 

equation 3.50 is always equal to 6, i.e. for a 2DOF finger. The results of this condition 

state that the roots of the characteristic equations of the exogenous inputs do not coincide 

with the transmission zeros of the system (A°,B°,C). Therefore, the conditions for the 

existence of the robust controller given the above models of the exogenous inputs are 

satisfied.

Based on the procedure which is outlined in section B.4, the objective here is to 

combine the models o f servo-compensator defined in equation 3.46 with the nominal 

model of the system defined above for the case when all the input exogenous inputs are 

set to zero to obtain the following:

- v  0 1 0 0 0
0 - v  0 1 0  0
0 0 - v  0 1 0
0 0 0 - v  0 1

ku,x 0 cu x 0 0 0
0 ^u,y 0 ^u,y 0 0

(3.50)

(3.51)
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z = A z + B m (3.52)

Applying the control law of equation B.26 to the system defined in equation 3.52, the fol

lowing closed-loop system is obtained:

1  = [A+BK]z , (3.53)

w here:

K = [KJfa ; Kw ] . (3.54)

Here, the gain matrices are selected such that they will result in a stable closed-loop sys

tem, e.g. pole-placement or optimal control. However, since the nominal system for this 

case represents a set of SISO transfer functions, the stability conditions can be found 

using similar approach which was outlined in the previous section, for example in equa

tion 3.41.

Figure 3.12 shows the control block diagram architecture of this application of the

robust controller along the x-direction of the finger end-point. Figure 3.13 shows an

example of a time response of the disturbance wrench along the x-direction. Figure 3.14 

shows the step response of the robust controller when the disturbance wrench of figure 

3.13 is presented. As it can be seen from the figure, the controller follows the desired 

step grasping wrench input along the x-direction of the finger end-point while rejecting 

the unwanted input disturbance wrench, f ^ x.

The simple example of this section demonstrated how the general solution to the 

servomechanism problem can be applied for controlling a tooling task with the grasped 

object. The model of the disturbance wrench, obtained from a skilled human operator, 

can be analyzed using Fourier transformation. This model can then be included in the 

servo-compensator. Figure 3.15 shows an example of how all the frequency components
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d.x

■serl.x
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Figure 3.12 -  Robust grasping wrench controller for tooling 
tasks.
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Figure 3.13 -  A time response of a component of the disturbance 
wrench along the x-direction.
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Figure 3.14 -  A step response of the robust controller for 
a tooling task.
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•serl.x
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S 2 +  k d n .x

Figure 3.15 -  A com plete model of the servo-com pensator  
for a tooling task along the x -d irection .
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of the disturbance wrench along the x-direction of the finger end-point can be con

structed in the model of the servo-compensator along the x-direction.

3.8 Sum m ary

An architecture for the independent control of the grasping wrench of each finger 

was presented. The architecture was obtained based on the input/output relationships of 

the matched model of a finger and the model of the soft finger-tip. It was shown that the 

architecture did not have the desired performance. That is, the closed-loop response of 

the grasping wrench did not have the desired performance when there was a constant dis

turbance wrench acting on the finger end-point and there existed uncertainties in the 

model parameters of the finger.

Based on the theory of the servomechanism problem, the definitions of the 

impedance/admittance blocks of the general architecture were modified such that the 

architecture is robust. Specifically, the architecture is robust to constant disturbance and 

to the uncertainties in the actual linear model parameters o f the finger. Performance of 

this controller was demonstrated using a simulated example. The next chapter will 

demonstrate the actual performance of the above controller using experimental setups.

Furthermore, based on the general theory, a robust grasping wrench controller was 

proposed for tooling tasks. For these tasks, a model o f the exogenous disturbance wrench 

which arises from the interaction of the tool with the environment was included in the 

control architecture. The performance o f this controller was demonstrated using a simu

lated example.
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CHAPTER IV
Experimental Verification of the Robust Controller

Based on the theory of the servomechanism problem, given a linear model of the 

system and if the system satisfies certain conditions which are outlined in section B.4, 

then there exists a robust controller for the system. The previous chapter presented the 

nominal model of the finger with soft finger-tip in contact with an object and showed that 

the nominal system satisfies all the conditions for the existence o f a robust controller. 

Also, based on this theory, the feedforward admittance/impedance blocks of the general 

grasping wrench controller are redefined such that the controller is robust to constant 

exogenous inputs and variations in the nominal system model parameters.

This chapter presents the experimental results on the performance of the robust 

grasping wrench controller of a finger. In general, the architecture for controlling the 

grasping wrenches between the fingers of a dexterous mechanical hand and the grasped 

object has been proposed by controlling each finger independently. This can be done by 

developing a high level controller, i.e. a grasp planner, in the hand control hierarchy 

which assigns the desired grasping wrench W*g, targeted impedance Z, and Kser for each 

finger. This information is passed to the low level controllers, which are the robust grasp

ing wrench controllers, see Figure 4.1. The high level controller also acts as the coordina

tor o f the fingers during the grasping and further manipulation of the grasped object.

In the Robotics and Automation Laboratory (RAL), experimental setups have been 

built for testing and verifying results related to grasping, manipulation and constrained 

motion control. This chapter presents the experimental results on the performance of the 

robust grasping wrench controller using only a 2DOF planar finger.
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level
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grasp planner

information 
flow, e.g

Figure 4.1 -  Dexterous mechanical hand control architecture 
for grasping.
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The chapter is organized as follows: section 4.1 describes the hardware configura

tion of the experimental setup; section 4.2 presents software development for executing 

the grasping task; section 4.3 presents experimental results of the robust grasping wrench 

controller and finally section 4.4 discusses the results of this chapter.

4.1 The Experim ental Setup

This section presents the hardware configuration which is used to investigate the 

performance of the robust grasping wrench controller.

In general, the grasping setup consists of two planar two degrees of freedom fingers, 

i.e. manipulators, Shimoga, Lu and Payandeh[30], see Figures 1.4a and 4.2. Each finger 

has a five bar mechanism configuration where all the active joints are located at the base 

of the finger. This configuration has an advantage that the weights of the driving motors 

are concentrated at the base of the manipulator. The joints are activated through direct 

drive motors. These motors have an advantage that their output shaft is directly attached 

to the link of the manipulator without any transmission mechanism, e.g. gears.

The experimental results of this chapter are concerned only with the control of the 

grasping wrench of a single arm with a soft finger-tip. The soft finger-tip is constructed 

using a compression spring which is placed in a cylindrical compartment, see Figure 4.3. 

This configuration only allows the displacement of the spring along its longitudinal 

direction. A spring with the known spring constant of 3.5X103 N/m, SPEC catalog[31], 

represents the actual soft finger-tip model. The mechanical configuration of Figure 4.3 

allows the finger-tip to be adjusted such that the centerline axis of the cylindrical com

partment can always be perpendicular to the rigid wall. This can be done by turning the 

finger-tip setup about the center-pin and by tightening the two bolts which are free to 

move in the circular grooves.

In order to allow the manipulator to have a reference configuration, limit switches 

are installed at each joint, see Figure 4.4, so the manipulator can have a reference or
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o) disassembled

b) assembled

Figure 4.3 -  The configuration of the soft finger-tip.
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home configuration. This allows the motion of the manipulator to be determined with 

respect to the fixed reference axes.

4.2 Software Development

The high level software development for investigating the performance of the grasp

ing wrench controller of a finger is divided into two parts: 1) home positioning; and b) 

grasping wrench controller.

4.2.1 Home Positioning

The home positioning algorithm performs the calibration of the finger. This is done 

by turning each motor using a velocity controller until a designated limit switch is closed. 

Then by zeroing the corresponding register for the position values, the clockwise and 

counterclockwise motion of the each motor can be determined from this reference zero 

register. The algorithm has a feature that the arm can be in any configuration in its 

workspace prior to executing the zeroing configuration.

The above zeroing algorithm did not result in an arm configuration which coincided 

with the kinematic reference or home configurations. In order to determine the difference 

between the limit switches zeroing configuration and the kinematic home configuration, 

a calibration procedure was carried out. The procedure was based on locating a number 

of predefined points in the workspace of the manipulator. Then, by comparing the joint 

positions obtained from the inverse kinematic solutions and the actual position read-outs 

from the joint registers, the differences between the zeroing and the kinematic home 

positions were determined.

4.2.2 Robust Grasping Wrench Controller

The control algorithm for the grasping wrench is based on the results o f the chapter 

III. Since the configuration o f a finger is planar, i.e. the plane being the horizontal plane,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Figure 4.4 -  The locations of the lim it switches.
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the effect of gravity in the dynamic model of the finger is neglected. Also, since the 

finger-tip is only pushing on the wall, see Figure 4.5, the velocity dependent components 

in the dynamic equation of the finger are further ignored. As a result, the simplified 

dynamic model of the finger with soft finger-tip in contact with the obstacle wall is writ

ten as: ( see also remark D.2, and equation 3.11 )

where M fe is the inertia matrix of the finger expressed in the end-point coordinate frame, 

or M/e = Je 'M eJg 1, see Appendix D. The matrix Mg is obtained by calculating the exact 

mass and moment of inertia parameters of the finger, Shimoga, Lu, Payandeh[32]. The 

configuration parameters of the finger at the contact location with the rigid wall are used 

to obtain the Jacobian of a finger Jg and the linear parameter o f the dynamic model of 

the finger, namely Mfe. This mass matrix is further modified to include the mass and 

inertia o f the soft finger-tip attachement.

The objective of the experiment is to show the actual performance of the robust 

grasping wrench controller proposed in the chapter III. In this experiment, the finger-tip 

was brought into contact with the (obstacle) wall where the wall surface is parallel with 

the y-direction of the finger end-point reference coordinate frame, Figure 4.5b. At the 

contact location with the wall, the arm is adjusted such that the center-line axis of the soft 

finger-tip is perpendicular to the wall in the x-direction o f the finger end-point. The 

objective is for the finger-tip to push on the wall in the x-direction with a desired force 

and to investigate the response of the controller. For these experiments, the actual com

ponent of the grasping wrench along the x-direction is calculated using the exact model 

o f the spring and the displacement of the finger end-point, or:

MfeTfe+W^W^ (4.1)

(4.2)

Where Jvxdt is the displacement o f the finger end-point from the initial contact with the
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o) fin g e r-tip  location before contoct

b) f in g e r-tip  location during con toc t

Figure 4.5 -  The preocess of finger #1 making soft contact 
with a rigid wall.
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wall in the x-direction and £UtX=3.5xl03 N/m. As was explained in section 2.3, the com

ponent of the grasping wrench f gtX is also the component of the external wrench which is 

acting on the finger. Also, since the finger only exerting force along the x-direction of the 

finger end-point, the component of the grasping wrench along the y-direction is equal to 

zero.

The matching condition of equation 2.9 is written as:

Z 0
0 mt.y-1

s 2+ Ct,x 0 
0

ki,x'*mkux 0 
0 (4.3)

As it can be seen from the above matching condition, since the soft finger-tip is modeled 

as a spring along the x-direction of the finger end-point, the impedance of the soft 

finger-tip only appear along the x-direction. Figure 4.6 shows the control block diagram 

of the experimental implementation. This control block diagram shows the closed-loop 

control of f g<y. However, the desired magnitude for the component was set to zero since 

the finger-tip is not in contact with the rigid wall in the y-direction.

4.3 Performance of the Robust Grasping Wrench Controller

This section presents some results regarding the actual response o f the controller of 

Figure 4.6 along the x-direction of the finger end-point. The following cases show the 

step responses of the controller to the 1.0 N  force as a desired grasping wrench along the 

x-direction of the finger end-point. The gain parameters are selected such that they result 

in a stable closed-loop system, i.e. the gain parameters satisfy the inequalities of 3.41.

Case #1:

mtx=1.0Kg, ct'X=lOO.O Nl(m/sec), kux=3.5xl03 N/m, k,tX= 1 N/m, kser<x- 35

In this case, the servo-compensator gain is selected such that the controller has the 

desired response along the x-direction of the finger end-point as it is shown in Figure 4.7.
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Figure 4.6 -  The robust control block diagram of the 
experimental implementation.
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Case #  2 :

The gain parameters of this case is the same as case #1 and the objective of this 

experiment is to investigate the performance of the controller when the actual model of 

the finger is different from the one calculated before, e.g. Mg. For this case, a block of 

weight equal to 1.0 Kg is added to the last link of the finger. Figure 4.8 shows the step 

response of the controller. As it can be seen from the Figure, f gtX=1.0N after 0.8 sec. 

Although the transient response of the controller has an overshoot but, the response has 

negligible steady-state error, i.e. the performance of the system is independent from the 

variation in the model parameters of the system.

Case #  3 :

This case is similar to the previous case but a block of weight equal to 2.0 Kg was 

added to investigate the performance of the controller. As it can be seen in Figure 4.9, 

the response of the controller is similar to the previous response, except the controller has 

a bigger overshoot. The above two cases lead to the conclusion that if  there are uncertain

ties in the model of the finger, the actual response of the grasping wrench along the x- 

direction of the finger end-point follows the desired step in grasping wrench asymptoti

cally. However, the transient response of the controller is affected by this perturbation.

Case #  4:

The objective of the following experiments is to investigate the effect of the servo- 

compensator and its corresponding gain parameters. First, the feedforward blocks which 

include the servo-compensator and its gain has been removed. It was noticed that the 

controller did not responded at all. This was due to the unmodelled friction wrench 

which is present in each joint of the finger. Next, the parameter of the servo- compensa

tor gain was changed to 5.0 and 10.0 respectively from the gain parameter defined in the 

case #1. Figure 4.10 and Figure 4.11 shows the response of this controller for a step in
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Figure 4.7 -  Experimental response of the robust controller for 
the case #1.
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Figure 4.8 -  Experimental response of the robust controller for 
the case #2.
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Figure 4.9 — Experimental response of the robust controller for 
the case #3.
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the desired grasping wrench. It can be seen from the figures that the actual response of 

the grasping wrench approaches the desired response. However the settling time and the 

overshoot are affected by decreasing the servo-compensator gain.

Case #5

The objective of this experiment is to investigate the performance of the controller 

when the finger-end point has been pushed away from the steady-state magnitude. As it 

can be seen from the figure 4.12, e.g. kser>x=20, the controller asymptotically regulates 

the desired magnitude l .n in the presence of friction which acts as a constant distur

bance wrench in each active joint of the finger.

4.4 Summary

This chapter presented the experimental results of the performance of the robust 

grasping wrench controller. Specifically, these results were concerned with the perfor

mance of the grasping wrench controller implemented on a single 2DOF planar finger 

with the soft finger-tip in contact with a rigid wall.

It was shown that the controller performed as well as it was expected from the 

results of the previous chapter. For example, the controller is robust to variation in the 

model parameters of the finger and the presence of the disturbance wrench which can 

arise from the collision of the grasped object with the moving obstacle in the work-cell.
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Figure 4.10 -  1st experimental response of the robust controller 
for the case #4.
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Figure 4.11 -  2nd experimental response of the robust controller 
for the case §4 .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

- 9 0 -

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0
0 1 2 63 4 5 87

T im e(sec )

Figure 4.12 — Experimental response of the robust controller for 
the case #5.
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CHAPTER V
Discussion, Conclusion and Future Research

This chapter presents the discussion and conclusion o f the results of this thesis 

while oudining the future research.

5.1 Discussion and Conclusion

Grasping is an area o f research which involves modelling, analysis and control of 

the mechanics of interaction between grasp elements namely, fingers, object and the 

environment. The work of the thesis is a fundamental investigation into the above areas 

of research.

Based on the causality principle, it was postulated that the elements of a mechanical 

system must be connected in a specific manner in order to have a causal model of the 

system. For example, in grasping, each finger was represented by a mass, spring and 

damper model, (proposition 2.2). In that representation, the spring and damper models 

were connected in parallel between the mass model of the finger and the palm of the 

hand. Similarly, the model of the soft finger-tip was presented as a spring and damper 

model that were connected in parallel between the grasped object and the mass model of 

the grasping finger, (proposition 23).

This method of modelling a mechanical system can also be extended to model the 

interaction of the robot manipulator with a rigid environment where the robot manipula

tor is modelled as a mass, spring and damper. In order to have a causal interaction 

between the mass model of the robot manipulator and the rigid environment, spring and
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damper can be introduced between the two mass models. The spring and damper which 

are introduced at the end-point of the manipulator can be a model of the visco-elastic 

material attached to the end-point.

The desired linear model of a finger was referred to as the targeted impedance. The 

parameters of this model were selected such that the response of the grasped object to the 

external wrenches satisfied a given task requirement. Throughout the thesis it was 

assumed that these model parameters of each grasping finger were given.

In general, the actual linear impedance of a grasping finger is different from the 

impedance model specified by the targeted impedance. However, by designing linear 

feedback control laws, it is possible to match, i.e. replace, the actual impedance with the 

desired one, i.e. concept o f impedance matching, (section 22). Based on the assumption 

that the exact model parameters of the finger were given and there was no disturbance 

wrench acting on the finger, a method for implementing the targeted impedance of the 

finger was developed. The method was based on the linear dynamic decoupling control 

law. Implementation of this method resulted in the actual impedance of the finger to be 

replaced with the targeted impedance, see equations 2.10 and 2.11.

When fingers of a dexterous mechanical hand are grasping an object, they must 

exert wrenches on the grasped object equal to the desired grasping wrenches and further 

maintain these wrenches during a task. In general, these grasping wrenches are given by 

a top-level controller named the grasp planner. Using the targeted impedance model of 

the finger and a model of the soft finger-tip, the architecture for the independent control 

o f  the grasping wrenches between the fingers and the grasped object was developed. In 

an ideal case, i.e. when the actual impedance parameters of the finger were exactly 

known, and when no disturbance was acting on the finger, it was shown that the open- 

loop architecture can result in the actual grasping wrench to be identically equal to the 

desired one, (equation 3.5). However, in practical applications there always exist some 

uncertainties in the model parameters of the finger and also the presence of disturbance
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wrenches which can act on the finger. For example, it was shown that when a disturbance 

acts on the finger, the open-Ioop response of the grasping wrench was not the same as the 

desired one even when the exact model parameters of the finger were assumed to be 

known, ( equation 3.7).

It was also shown that the closed-loop response of the grasping wrench controller 

did not have the desired performance. For example when a disturbance wrench was act

ing in the x-direction of the finger end-point, the closed-loop response of the grasping 

wrench was not the same as the desired one even when the exact model of the finger-tip 

was assumed to be known, ( equation 3.10). In summary, the general architecture for 

controlling the grasping wrench based on the impedance matching concept did not result 

in a practical controller.

In order for the general architecture for controlling the grasping wrench to have a 

desired performance in a practical applications, based on the theory of the servomechan

ism problem, the definitions of feedforward control blocks of the architecture were modi

fied in order to exhibit robustness. First, in order for a robust controller to exist, the nom

inal model of the system including the finger and the finger-tip, must satisfy some condi

tions, (section B.4). It was shown that the nominal system satisfies all the conditions for 

the existence o f the robust controller, and the feedforward impedance/admittance blocks 

of the general architecture were redefined such that the architecture exhibited robustness, 

(section 3.6).

The resulting controller is robust to model parameter uncertainties and the presence 

of constant disturbance wrenches. In general, the gain parameters o f the robust controller 

can be determined based on the standard methods such as pole-placement or optimization 

approaches. However, in the present architecture, the stabilizing gains are defined based 

on the matched impedance of the finger and the impedance model o f the soft finger-tip, 

(equation 3.38). The servo-compensator gains, are selected such that the closed-loop sys

tem is stable and has the desired transient response,( equation 3.37, Figure 4.7).
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A direct application of the general theory to tooling tasks was presented and demon

strated using an example. In this application, the model of the disturbance wrench which 

arises from the interaction of the tool with the work-piece was included in the model of 

the servo-compensator. As a results, two types of exogenous disturbances namely, a con

stant and a time varying ( sinusoidal) can be rejected by the controller.

In order to experimentally verify the performance of the robust grasping wrench 

controller o f a finger, an experimental setup was built in the Robotic and Automation 

Laboratory. A 2DOF planar manipulator was used as a finger of a dexterous mechanical 

hand. A model of the soft finger-tip was constructed using a linear spring with a known 

stiffness property. In general, a finger-tip can be a rubber type material which covers the 

tip of the last link of the finger. The exact spring and/or damping properties of the 

finger-tip material can be determined by experiments or through finite-element analysis.

The response of the controller was tested for a number of cases. It was found that 

the controller is robust to the variations in the finger dynamic model and the presence of 

disturbance wrenches. For example, first a set of gain parameters were selected such that 

they result in a desired response of the controller. Then by changing the mass of the 

finger and introducing a disturbance, the responses of the controller were recorded. In all 

of these cases it has been found that the controller had a fast response and asymptotically 

regulated the error between the actual and the desired grasping wrench to zero.

The response of the controller has not been tested in a multi-fingered dexterous 

mechanical hand grasping an object. Nevertheless, the experiment with only one finger 

proves the theoretical basis of the controller and verifies its practical implementation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

-95 -

5.2 Future Research

Outlined below are some issues for future research.

•  Experim ental Grasping- Chapter IV presented the preliminary experimental results of 

the robust grasping wrench controller using only a single finger. The objective is to 

extend the results for controlling the grasping wrench using two or more fingers grasping 

an object and then performing a tooling task.

•  Models of Soft Finger-tip- In this thesis, a model of the soft finger-tip was presented 

as a known linear impedance relationship. This model is a simplified relationship which 

assumes that a soft finger-tip has a linear visco-elastic properties and the geometrical cur

vature of the contact surface has no effects in the impedance representation. The objec

tive is to model, e.g. using finite-element approach, various types of soft finger-tips by 

considering different material and geometrical properties. These models can be stored in 

a look-up table which can be used by the grasping wrench controllers.

•  Contact Configuration- The analysis of the thesis was confined to precision grasps, 

see definition A .l, where only finger-tips of a dexterous mechanical hand make contact 

with the object. The objective is to extend the model to the case where all o f the contact 

areas o f fingers and the palm of a dexterous mechanical hand can make contacts with the 

grasped object

•  Coarse M anipulation- Coarse manipulation is defined as the relocation o f the grasped 

object with respect to palm where it is required for the fingers to periodically lose and 

make contacts with the grasped object, see definition 1.42. The objective is to investi

gate the theory of screws and the definition of the ruled surfaces to devise a method for 

determining the positions and orientations o f each finger on the grasped object such that 

through a sequence of losing and making contacts, the grasped object is relocated within
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the hand.

•  New Designs of a Dexterous M echanical H ands - As it was mentioned in section 1.2, 

most of the current mechanical hand configuration consists of tendon driven mechanisms 

which are located outside the hand. The objective is to design a mechanical hand based 

on micro-mechanisms configuration using for example, cams, linkages and gears where 

the actuating mechanisms can fit into the palm of the hand.

•  P regrasp  Configuration - The decisions on where the fingers should make contact 

with the object and how the object should be held between fingers, see definition 12, is 

an area of research where knowledge-based approaches have proven to be successful, 

Payandeh and Goldenberg[8], Nguyen, Payandeh, Poole and Sollbach[33]. The objective 

is to extend the current results to develop a general grasp planner.

•  P a th  Planning- The process for determining suitable paths between points in a work- 

cell o f a arm/hand system is an area of research where the objective is to find a collision 

free path of a redundant system such that neither the grasped object nor the body of the 

arm/hand system collide with the fixed obstacles.

•  H ybrid  Control o f G eneral 6DOF M anipulator- The objective of this research is to 

extend the robust grasping wrench controller results to the hybrid control of the manipu

lator. In this case, a known visco-elastic material is introduced between the manipulator 

and the rigid environment. The objectives are to control the force exterted on the 

environment while controlling the position in the orthogonal directions to the force.
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APPENDIX A
Preliminary Definitions and Assumptions

This appendix presents preliminary definitions and assumptions regarding a model 

of the finger-tip, definitions of finger/object coordinate frames and a number of transfor

mation matrices.

The appendix is organized as follows: section A .l presents models of finger-tip of a 

dexterous mechanical hand, objects and the types of contact that a finger-tip can make 

with an object; section A.2 defines the reference coordinate frames of the finger/object 

and presents a number of transformation matrices between these coordinate frames and 

finally section A.3 summarizes the results.

A.1 M odels of Finger-tip, O bject and  Types of C ontact Configurations

This section defines models of finger-tip and objects which are to be grasped. It also 

presents types of contact configurations which can be established between a finger-tip 

and an object.

Definition A.1: A precision grasp is defined as a grasp configuration where only finger

tips of a dexterous mechanical hand make contact with the object.

A ssum ption A .l: The grasp configuration of a dexterous mechanical hand is a precision 

grasp.

Assum ption A.2: A finger-tip has soft material properties. These material properties can
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be represented by a visco-elastic model with spring constant K u and damper coefficient 

CH.

Assumption A.3: Most objects which are to be grasped and manipulated by a dexterous 

mechanical hand are rigid bodies. Almost all components of an assembly task which are 

presented to a work-cell are rigid objects, e.g. a peg, and also all the tools which are used 

in tooling tasks have a rigid handling areas. Also, the environment of the work-cell con

sists of rigid fixtures.

Based on assumptions A.2 and A.3, there are three types of contact that can exist between 

a finger-tip o f a dexterous mechanical hand and an object. These are:

a) vertex contact

b) edge contact

c) plane contact

The following are the definitions of the three types of contacts:

Definition A.2: Vertex contact between a soft finger-tip and the object is formed when a 

finger-tip makes contact with the vertex o f an object, Figure A. la.

Definition A.3 : Edge contact between a soft finger-tip and the object is formed when a 

finger-tip makes contact with the edge o f an object, Figure A. lb.

Definition A.4: Plane contact between a soft finger-tip and the object is formed when a 

finger-tip makes contact with the surface o f an object, Figure A .lc.

A.2 Finger/O bject Coordinate Fram es and  Transform ation M atrices
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a) vertex contact

b) edge contact

c) plane contact

Figure A.l — Three types of contact between a fin ger-tip  
and an object.
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This section defines the reference coordinate frames of the finger/object and 

presents a number of transformation matrices between these coordinate frames.

Definition A.5: A contact area is defined as the area common to contacting bodies when 

two objects are brought into contact, for example, a finger-tip and an object.

Definition A.6: A port o f interaction is defined as a point in the contact area.

Definition A.7: A contact reference coordinate frame is defined as the coordinate frame 

located at the port of interaction, Figure A.2.

Definition A.8: A finger-tip reference coordinate frame is defined as the coordinate 

frame located on the finger-tip at the contact area, Figure A.2.

Definition A.9: An object-contact reference coordinate frame is defined as the coordi

nate frame located on the object at the contact area, Figure A.2.

Expressing a wrench, see definition B.6, W,ip or twist, see definition B 5 , Tlip, of a 

finger-tip in the contact reference coordinate frame, only some coordinates have nonzero 

values depending on the type of contact configuration. Similarly, only some coordinates 

o f the wrench W and the twist Toe o f the object point at the contact area have nonzero 

values when they are expressed in the same coordinate frame. Figure A.3 shows the 

nonzero components of wrenches in the contact reference coordinate for the three types 

o f contact configurations.

Definition A.10: H w defines the transformation of a wrench expressed in the finger-tip 

or in the object-contact reference coordinate frames to the wrench expressed in the
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object point

finger-tip point 

finger end—point

object ot contact point

contoct point

a ) point locations of the finger/object system

L  L  L  t ,  L

finger-end finger-tip contoct object/contact object

b) finger/object system reference coordinate frames

Figure A.2 -  Various coordinate fram es of the fin ger/ob ject 
system .
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contact reference coordinate frame, or: Mason and Salisbury[18], Goldenberg[341

H w : R"w -»  Rmw , (A .l)

where nw is the dimension of the wrench-space of the finger-tip or object-contact and mw 

is the dimension of the wrench-space of the contact.

R em ark A .l: The rows of the matrix H* are obtained using the bases of the contact 

reference coordinate frame wrench-space, i.e. see Figure A.3.

Definition A.11: Constraining-wrenches are defined as the wrenches expressed in the 

contact reference coordinate frame.

The transformation H w for three types of contact configurations are written as:

(vertex contact) H w =
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

(A ,2a)

(edge contact) H w =

1 0 0 0 0 0  
0 0 1 0 0 0  
0 0 0 1 0 0  
0 0 0 0 1 0  
0 0 0 0 0  1

(A.2b)

(plane contact) H w =
1 0 0 0 0 0 '

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

(A .2c)

R em ark A.2: In the above definition, finger-tip, contact and object-contact reference 

coordinate frames are always coincide. When a finger-tip or an object-contact reference 

coordinate frames have differences in orientation with respect to the contact reference 

coordinate frame, a similar transformation is used which only includes the orientation
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o) vertex contact

b) edge contact

tw ist-o f-freed o m
constraining wrench

c) plane contact

Figure A.3 -  The nonzero com ponents of forces and mom ents 
expressed in the contact reference 
coordinate frame.
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differences between the coordinate frames, or:

H rw : Rnw -»  Rmw .

Definition A.12: Each constraining-wrench results in a twist of the finger-tip or of an 

object which is defined as a twist-of -constraint.

Definition A.13: H, defines a transformation of the twist-of-constraints to the twist 

expressed in the finger-tip or object-contact reference coordinate frames, or:

where mt is the dimension of the twist-of-constraint space and nt is the dimension of the 

twist-space of the finger-tip or object-contact reference coordinate frames.

R em ark A.3: The columns o f H, are obtained using the bases of twist-of-constraint 

expressed in the contact reference coordinate frame.

The transformation matrix H, for the three contact configurations are written as:

H , : R'"' -»  R "  , (A.3)

00  0 
000

(vertex contact) H, = ® q q (A.4a)
0 1 0 
0 0 1

1 0 0 0 O' 
0 0 0 0 0

{edge contact) H( = Q 0 1 0 0 (A.4b)
0 0 0 1 0  
0 0 0 0 1
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(plane contact) H, =

1 00  0 
0 0 0 0  
0 0 0 0  
0 1 0 0  
0 0 1 0  
0 0 0  1

(A.4c)

Theorem  A .l: The following relationship exists between Hw and H, :

h , = h j : .

Proof: Based on the principle of virtual work, see section B.3, the reciprocal product 

between a wrench and a twist, or virtual displacement, expressed in two coordinate 

frames, i.e. contact and finger-tip coordinate frames, is equal to zero or:

8(work) = WtcTc = wiipTlip = 0 .

From equation A .l we have Wc=HwW,ip, therefore, the above equation is then written as:

Ttip= H Tw Tc .

From equation A.3 we have Tlip=HtTc, then, we can conclude that H, = h £ .  □

R em ark A.4: H f is the right generalized inverse of H w or,

Strang[35]. Hw is the left generalized inverse of H, or, Hw=(H,r H,)_1H f.

R em ark  A.S: For a given grasp configuration, see assumption A .l, the matrices H w and 

H, are concatenated to represent the contact configurations of all grasping fingers as H^, 

and H , , or:

H W1 . o 0 0

(oootS
•

0 . . . . o . . . .
H » = . . H w/ . . . = . . H,,- . .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

- I l l  -

Where H wl- and H„- are models of contact configurations of the ith  finger-tip.

Definition A.14: Grasp Matrix G defines a transformation of wrenches expressed in the 

object-contact reference coordinate frames to the wrench expressed in the object refer

ence coordinate frame, or: Mason and Salisbury[18], Goldenberg[34]

G :R " H’,-»R 6 , (A.5)

where nwt is the dimension of the wrench-space of the object expressed in the object- 

contact refe'?nce coordinate frames.

R em ark A.6: The columns of G are obtained using the bases of the wrench-space of the 

object at the contact areas expressed in the object reference coordinate frame.

Definition A.15: Grasp Jacobian J  defines a transformation of twists expressed in the

object-contact reference coordinate frames to the twist expressed in the object reference

coordinate frame, or:

J  : R"“ —> R 6 , (A.6)

where ntt is the dimension of the twist-space of the object at the object-contact reference 

coordinate frames.

R em ark A.7: The columns of J  are obtained using the bases of the twist-space of the 

object at the contact areas expressed in the object reference coordinate frame.

Theorem  A.2: Given a grasp configuration, i.e. given the location of the object-contact 

reference coordinate frames, the following relationship exists:

G = r r . (A.7)
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Proof: From the principle of virtual work, the following relationship is written between 

two coordinate frames o f the object:

8(work) = WocTo,. = Wt0T0 = 0 , (A.8)

where W oc and are the combined vector of twists and wrenches expressed in the

object-contact reference coordinate frames. From definition A.15 the following relation

ship is obtained:

T0 = 3 T OC . (A.9)

By substituting equation A.9 into the equation A.8 we have:

WT0CT0C = Wt0J T <x ,

o r :

^ 0 = r r iv0c . (a . io)

From definition A.14, the following relationship is defined:

Wo ^ G W k  . (A. 11)

Comparing equation A. 10 and equation A. 11 the following result is concluded :

G = r r  • □

Definition A,16: Tf, and T f  represent the concatenated transformation of the twist and 

wrench from the finger-tips to the finger end-points reference coordinate frames, or:

T c *  )Rnwtt

T f : Rn/,-*R '1“ ,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

- 113 -

where nwtt is the dimension of the wrench-space and ntt is the dimension of the twist- 

space.

Definition A.17: A finger Jacobian is defined as a transformation of twist from the joint 

reference coordinate frame of a finger to the finger end-point reference coordinate frame, 

or:

J e : R0 -> Rm , (A.12)

where 0 is the dimension of the twist-space of a finger and nt is the dimension of the 

twist-space of the finger end-point.

R em ark A.8: The columns of Je are obtained using the bases o f the twist-space of the 

finger expressed with respect to the finger end-point reference coordinate frame.

R em ark A.9: The virtual work in two reference coordinate frames o f a finger can be 

expressed as:

5(work) = w \T q = w }eTfe = 0 , (A. 13)

where WQ and T$ are the vectors of joint torques and velocities respectively. From equa

tion A.12 we h a v e :

Tfe =JeTQ .

Substituting this relationship into equation A. 13 we obtain:

We = Je  Wfe . (A. 14)

R em ark A.10: For a given grasp configuration, the matrix J e is represented in a
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concatenated form as Je , or:

Jet . 0 0 0
0 . .

JS = ' Je/

Where, Je/ is the Jacobian of ith finger.

Figure A.4 shows a schematic of transformation between the spaces of twists and 

wrenches of the finger/object system, Payandeh, Goldenberg[36].

A.3 Summary

This appendix presented definitions of the types of contact configurations between a 

soft finger-tip and the object and also defined the finger/object reference coordinate 

frames. Models for representing the types of contact configurations between the finger

tip and an object were presented. These models were in the form of transformations 

between the finger-tip and contact spaces of wrenches or contact and object-contact 

spaces of twists, i.e. H w and H , .

The grasp was modelled as a transformation between the space of wrench of the 

grasped object at the contact areas to the space of wrench of the object expressed in the 

object reference coordinate frame, i.e. the Grasp Matrix G. Another model of the grasp 

was presented as a transformation between the space of twist of the object at the contact 

areas to the space of twist of the object expressed in the object reference coordinate 

frame, i.e. the Grasp Jacobian J.
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mapping between the twist spaces

- 1

f inger
end
point
space

finger—
object
spoce

joint
space

contact
space

space

'object
contact

space

mapping between the wrench spaces

Figure A.4 -  Transformations between various coordinate 
frames of the finger/ob ject system .
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APPENDIX B
Background Material

This appendix presents background material. This material includes some defini

tions, theorems and mathematical preliminaries. The Appendix is organized as follows: 

section B. 1 gives the definition of causality and the causal representation of basic ele

ments of a physical mechanical system; section B.2 presents a general representation of 

the instantaneous rigid-body displacement and the net force and moment acting on a 

body; section B.3 gives a definition of the principle of virtual work; section B.4 gives the 

solution to a general servomechanism problem and finally section B.5 gives the summary 

o f this appendix.

B .l Causality

The notion of causality was first introduce to robotic literature by Hogan[20]. This 

section presents a definition o f causality and the causal representation of the basic ele

ments o f a mechanical system namely mass, spring and a dam per.

Definition B .l: A linear system is a causal system if the future output of the system 

depends only on the past and current inputs to the system. In other words, when the out

put o f a linear system at time t =r* depends only on inputs up to this time, then the linear 

system is said to be causal. ( Francis[37])

Example of a causal element of a linear system is an integral (J) operator. Here, the
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input Uk is a continuous (or discrete) function from r= t0 to t=tk where the output yk of the 

integral at r=r* is written as: Figure B.l

B.1.1 Causal Representations of Physical M echanical Elements

This subsection, based on the definition o f causality defines the causal representa

tions o f the basic elements of a mechanical system namely, mass, spring and dam per.

Definition B.2: In mechanical representations, force (moment) are defined as through 

variables because their effect are instantaneously realized through out the elements.

Definition B.3: In mechanical representations, velocity is defined as an across variable 

since a reference configuration of elements are required for determining their relative 

velocities.

For the mass element of a physical mechanical system, see Figure B.2, the input is 

defined as a through variable (force) and the output is defined as an across variable 

(velocity). For the spring element, see Figure B.3, the input is defined as an across vari

able (velocity) and the output is defined as a through variable (force).( MacFarlane[38])

Remark B . l : In the above mass and spring representations, Figure B.2-B.3, the presence 

of the integral (j) operator in block diagrams makes these representations causal.

Figure B.4 shows a representation of a damper element. In this Figure, velocity is 

defined as an input variable and force is defined as an output variable. Also, since this 

representation does not include an integral operator, the input/output relationship o f a

(B.l)
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u  u0 k
y s

Figure B.l — Input/output representation of an integral 
operator.
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velocity

f o r c e n f o r c e ,

p<0>

f o r c e f o r c e

velocity

Figure B.2 -  Causal representation of a m ass elem ent.
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v e lo c ity , . . .  * velocity
— - 4 N \ H ----------

force

velocityvelocity t ^ .

x(0)

Figure B.3 -  Causal representation of a spring elem ent.
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velocity j ^ velocity
H h ]  2

fo rc e

velocity t *
 1------------- ►

I velocity

Figure B.4 -  A representation of a damper elem ent.
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damper element can be reversed.

B.2 Screw, Twist and W rench

This section presents a general method for representing a rigid body displacement 

and the net force and moment acting on a rigid body.

Definition B.4: A screw S is defined by a straight line in space known as its axis ,i.e. 

screw axis, and a scalar number p* which defines its pitch.

A screw S  is represented by the normalized Plucker line coordinates of its axis as:

( Hunt[39], Payandeh and Goldenberg[40])

S = (s;s0f  = (s i ,s 2,S3 ,S4 ,s5,s 6)t  = T\s(L,M,N,P+psL,Q+psM,R+psN)T . (B.2)

Where is defined as the intensity (magnitude) of a screw, L, M  and N  are the direction 

cosines of the screw axis and P, Q and R are the moments of this axis about a reference 

coordinate frame. Here, the pitch of the screw is defined as:

^1^4+52^5+^356 _  _
Pi = -------2--- 2--- 2-----  • (B -3)

51+52+53

Definition B.5: Infinitesimal (virtual) displacement or velocity of a body is represented 

by a twist T  about a screw. A twist is expressed as :

T = {(i>-,v)T = ( t i , t2, t3 , t4 , t5 , t6)T =T\t{L,M,N,P+ptL,Q+ptM,R+p,N)T . (B.4)

Where T)r is the intensity of a twist T. The pitch of a twist is defined as:

p, =  —  . (B.5)
CD.CO
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When the pitch is finite or infinite, the intensity of a twist is determined as:

t | ,  =  i n i  =  ( r ? + f 2 + ' 3 ) 1 / 2 = I M I  . 

when (P/=°°) ri1=||7'|| = ( r |+ r i+ r l)1/2 = ||v|| . (B.6)

Definition B.6: The net force and moment acting on a rigid-body is represented as a 

wrench about a screw which is expressed as :

W = (f-,m0)T .

= (w 1,w 2,w 3,w4,w 5,w 6jr = T\w(L,M,N,P+pwL,Q+pwM,R+pwN)T . (B.7)

Where, is the intensity of a wrench. The pitch o f a wrench is defined as :

f.m 0
P" =  ~ j f  ■ (B-8)

When the pitch of a wrench pw is finite or infinite, the intensity of a wrench is deter

mined as:

^ w =W \\ = {w\+wl+wl)m  = ll/ll .

when (pw=oo) T]w = ||W|| = (yv\+w\+w\)m  = \\m0\\ . (B.9)

R em ark B 2 : When the intensity of a wrench is a function o f time, i.e. 

'nw(t)=fn>vSin(coM,r), the wrench is referred to as a dynamic wrench.

Definition B.7: Two screws are said to be reciprocal to each other when the following 

product between the two screws is zero, i.e. reciprocal product:

< Si,S2> = < ( s i .s 0' 2) ; (s0^ . s 2) > = 0. (B.10)
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Where, (.) represents a dot or scalar product.

R em ark B.3: The reciprocal product between a wrench and a twist is the rate of work 

that a wrench can produce in direction of a twist. In particular, when this product is zero, 

the wrench and the twist are reciprocal to each other, i.e. the rate of work done by a 

wrench W  acting on a body which is free to displace about a twist T  is zero, Ball[41].

Note B .l : For notational convenience, a wrench is expressed as W=(m0;f)T. Therefore, 

the reciprocal product between a wrench and a twist is written as :

< W,T > = < (m0 . co); ( f . v) > , 

or < W,T > = WT. T  .

Definition B.8: The coordinates o f a twist are the components of a vector connecting the

of the twist T, i.e. T e  R 6. The unit-bases of this space are defined as i,j,k, ei,e/,afc.

Definition B.9: The integral o f a twist over a period of time t is a vector defined as:

origin o f a six-dimensional space R6 to a point in this space specified by the coordinates

jTdt = ( i j t id t , j j t 2dt , k j t3d t , eijt4d t , e j j t5d t , ek jt6dt)T,

or (B.l 1)

Definition B.10: The derivative o f a twist is a vector defined as :

dT__ dti_. dt-j
d t ~  d t 1, d t 1 ' dt ’

T

(B.12)
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R em ark B.4: Based on the definition of causality see definition B .l, differentiation is not 

a causal operation because it requires the knowledge of the future input, however, this 

operation is approximated by backward-difference method, Van de Vegte[24] which is a 

causal operation.

B.3 A Definition of the Principle of V irtual W ork

This section defines the virtual work principle in terms o f reciprocal product 

between a wrench which is a vector of forces and moments and a twist which is a vector 

of virtual displacements and rotation of a rigid body.

Theorem  B .l: When a mechanical system is in static equilibrium, the reciprocal pro

duct, see definition B.7, between a wrench acting on a body and a twist representation of 

a virtual displacement is zero.

Proof : Equilibrium represents a stationary point of the work function, i.e. potential 

energy function. The variation of this function at a stationary point, see Lanczos[42], 

with respect to the independent variables,i.e. components of a twist is zero, o r :

5(work) = + .....+  - ^ 1  & = 0 .
d t  i d t 6

Where t \  ,t(, are components of twist vector, virtual displacement ( definition (B.8)).

The above equation can also be written as:

8(work) = WT . T = 0 , (B.13)

Where T  represents a virtual displacement and W  represents a wrench. From definition 

B.7 and note B .l, equation B.13 represents a reciprocal product between a wrench and a 

twist. □
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B.4 Solution to  a General Servomechanism Problem

This section presents the necessary and sufficient conditions which must be satisfied 

in order for a linear system to have a robust controller and also presents a general form of 

this controller, Davison and Goldenberg[24], Davison[26],

Consider the following state-space representation of a linear time invariant system :

where e =  y - y ref  ■

In the above equations, J teR " is the state vector, ue  Rm is the controlled input vector, 

y e R r is the output vector of the system which has to be regulated,i.e. e —>0 for r— .

Definition B .l l :  Given a system defined by equation B.14, the system is stabilizable if 

and only if it is controllable. The following condition determines whether a given sys

tem is controllable:

Definition B.12: Given a system defined by equation B.14, the system is detectable if 

and only if it is observable. The following condition determines whether a given system 

is observable:

x  = A*+B«+Eco .

y  = Gt+Du . (B.14)

(B.15)

rank•

C
CA
CA2

(B.16)■ = n .

C A ""1
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Definition B.13: Given a multi-input/multi-output ([MIMO) system defined by equation

B.14, the transmission zeros of the system are the zeros of the transfer function matrix 

defined to be the set of complex numbers v  which satisfies the following inequality:

rank j) j  <n+min(r,m) . (B.17)

Assumption B .l: It is assumed that the all exogenous inputs,i.e. reference inputs yreje  Rr 

and unmeasurable input disturbances coe Rr satisfy the following linear differentia] equa

tion:

+ ........... + ot2 [ : ] + a i  , J = 0 .  (B.18)

Or,

(sp +  a psp~l +  + a 2s + a i  ) (.) = 0 . (B.19)

Where (.) is either yref  or co.

R em ark B.5: Equation B.18 models classes o f unstable exogenous inputs,e.g. step or 

sinusoidal inputs

Theorem  B.2: The necessary and sufficient conditions that there exists a robust con

troller to the linear time invariant system defined by equation B.14 such that e —»0 as 

t for all unmeasurable input disturbances co and reference inputs yref  satisfying 

equation B.18 are that the following conditions all hold:

a) ( A,B ) be stabilizable.

This means that if  the system has unstable modes, these modes should be affected 

by the controlled inputs «.
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b) ( C, A ) be detectable.

This means that if the system has unstable modes, these modes should be realized by the 

output y.

c) number of control inputs must be greater than or equal to the number of 

outputs,i.e. m>r.

d) the roots of characteristic equation defined by equation B.19 should not coincide 

with the transmission zeros of the system.

e) the outputs which have to be regulated must be measurable.

P ro o f : Davison and Goldenberg[24].D

The most general controller which regulates the system defined by equation B.14 

has the following form: ( see Figure B.5 )

u = K stax  + Kser$ . (B.20)

Where x  is the state of the system, E, is an rp vector representing the output of a general 

servo-compensator which has the following state-space model:

£ = A !; + P* e . (B.21)

Where the matrices A and P* are defined as:

A = x block diag (y ,\jr,.....,y )  x-1 .

and p* = xP .

In the above x is a non-singular real matrix, is in the companion (canonical) represen

tation o f the linear differential equation representing the yref  and to, i.e. equation B.18. 

p e  R'J,xr is a real matrix of rank r .
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CJ

Vrerv 0 se rv o LIII

U <
rcom pensator f* V/

Ksto

Figure B.5 -  Block diagram of the general robust controller.
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One form of the servo-compensator can be obtained by setting x = I which results in 

the following:

A = block diag ( y .y , ......... ,y ) (B.22)

and defining P* as :

P* = block diag

'O' o'
0 0 0

0 0
........

0
1 1 h

(B.23)

KJJa and Kser are the gain matrices of the controller defined in equation B.23 where 

Kier^ represents the regulating part and Ki(ar  is the stabilizing part of the total controller 

u.

R em ark B.6: Magnitudes of the gain matrices are obtained using standard methods, e.g. 

pole-placement or optimal control methods .

B.4.1 T he M ain Property  of the C ontroller

The main property of the control architecture of Figure B.5 is that the asymptotic 

output regulation,i.e. e —»0 for t —**> occurs for any finite variations in the system param

eters A ,B ,C  and the presence of unwanted input exogenous disturbances as long as the 

closed-loop system remains stable, i.e. the controller is robust.

B.5 Sum m ary

This appendix presented some fundamental definitions and theorems which are the 

bases for the thesis.

Definitions of causal elements, see section B .l, of a physical mechanical system 

presented a method for describing the interaction between these elements. The
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generalized representation of a rigid-body displacement in space using the nodons of 

twist, see section B.2, offered a unique and compact method for representing the instan

taneous properties of a rigid-body. The notion of a wrench was also introduced to 

represent the generalized forces and moments acting on a rigid-body. Both of these 

representations are used extensively in the context of the thesis.

Section B.4 outlined the conditions for the existence and the general form of a 

robust controller.
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APPENDIX C
Targeted Impedance

Chapter II  presented a causal model of each grasping finger with soft finger-tip. 

This appendix outlines some methods for determining the property of the grasped object 

given the parameters of the model of the grasping fingers, Payandeh, Goldenberg[43]. 

Two general tasks are considered in this appendix; a) contact tasks and b) grasping a 

vibratory object.

C .l  C ontact Tasks

This section first discusses the desired property of the grasped object when it makes 

contact with an environment. Corollary 2.1 stated that the port of interaction between the 

grasped object and the environment is not a causal port. From proposition 2.1 and corol

lary 2.2 it is stated that one of the interacting bodies must have spring or damper models. 

Since the environment is assumed to be rigid, see assumption A 3 , only the grasped 

object can have spring or damper properties. The spring and damper properties of the 

grasped object at the port of interaction with the environment are obtained from the 

spring and damper models of the grasping fingers.

Let K tip be the combined matrix o f the spring models of all the grasping fingers 

expressed in their corresponding finger-tips coordinate frames. The objective is to deter

mine the spring model of the object expressed in its coordinate frame KOI i.e. a coordi

nate frame located at the port of interaction between the grasped object and the environ

ment, as a function o f K,ip. For each finger, the stiffness of the the finger-tip is the resul

tant stiffness of two springs in series, namely, the finger spring model and the soft
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finger-tip, Figure 2.2a.

Theorem  C .l: The spring model of the grasped object as a function of the spring models 

of finger-tips is given as:

. (C.l)

Proof: Let the wrench/twist relationship of the finger-tips expressed in the finger-tips 

coordinate frames, see Figure A.2, be given as:

Wlip = K tipTlip , (C.2)

where Wtip and T,ip are the combined vector of wrenches and twists o f the fingers

expressed in the finger-tips reference coordinate frames. From remark A 5 , these vectors

can be expressed in the contact reference coordinate frames as:

\McwT l Wc = Ktipn ct f c , (C.3)

or,

Wc = H cwKtipH ct Tc .

Similarly, Wc and Tc can be expressed in the object/contact reference coordinate frames 

as:

Ui,Woc = HcwKtipYlcl [UCt T l Toc , (C.4)

or the above can be written as:

Wcc = , (C.5)

replacing [H£,]-1 and [H f ]-1 with their corresponding right and left generalized inverses, 

see remark A.4, we have:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

- 134 -

W,,,. = H?H*K,ipH?H£,7'0C . (C.6)

From definition A.14 and definition A.15, expressing and in the object reference 

coordinate frame, we can write the following:

G_1WC = , (C.7)

from the results of theorem A.2, the above equation can be written as:

Wa = G H fH ^K jjpH fH ^G 7̂  . (C.8)

The above equation is the wrench/twist relationship of the grasped object expressed in its 

reference coordinate frame as a function of the stiffness of the finger-tips is written as:

K0 = GH?H^KtipH?m,GT □  (C.9)

C orollary C .l: Similar derivation can be followed to determine the damper model of the 

grasped object C0 as a function of the damper models o f each finger expressed in their 

corresponding finger-tips reference coordinates C ^,, or:

C0 = G H ?H ‘ C ^ H ^ G 7 . (C.10)

The spring and damper models of each finger which can result in the desired spring 

and damper model of the grasped object with respect to its reference coordinate frame is

referred to the targeted stiffness and targeted damping. In general, equation C.9 and

C.10 can be used as constraint relationships in an optimization algorithm for determining 

a suitable combinations of the stiffness and damping matrices of fingers, Shimoga[44],

C.2 Grasping a Vibratory Object

When the grasped object vibrates, the objective of the grasping fingers must be such
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that they can reduce the vibration to zero. Examples are holding the dentist drill or the 

barbers electric hair-clipper.

In order to reduce the vibration to zero, the objective is to write the equations of 

motion of groups of fingers in the direction where they can push on the object. These 

equations are obtained as if the object is glued to these fingers. Then, the objective 

becomes to determine conditions between the model parameters of the fingers such that 

the vibration of the grasped object is reduced to zero.

Figure C .l shows a schematic where the object is vibrating in the x-direction. 

Fingers #1 and #2 together can oppose the motion of the object by pushing similar to 

fingers #3 and #4. The equations of motions o f the finger #1 and #2 and the object can be 

written as:

2,x) CUl.x*̂  ku l,x
*-u\,xS kul,x 

~Cu2,xS~ku2,x
mfe l,x$ "K /̂e l , ; c l,x)s~^(kfe l , j l , x )  

0

Cu2,x$ ku2,x 
0

—rrifeS +(Cyg 2 ,x ^ u  2,x)s^~(.kfe 2,x^~ku 2,x)

* • *

•
%otx

XfeUx * — *
fo ,x

0

%fe 2fx
0

(C.11)

Solving for the amplitude of the vibration of the grasped object xa%x and determining the 

condition such that this amplitude is equal to zero results in the following constraint 

equation:

A 2 + B 2 = 0. , (C.12)

where:

A  — mj-e l'Xmfe2,x® t (mfe  1,*(k fe2 ,x ^u 2 ,x ) (cfe l,x+c u2,x)(cfe2,x~^Cu2,x)

mfe2,x(kfe 1 ,x~^kul,x)®r I,x)(kfe2,x~^ku2,x) • (C.l 3)
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Finger gZ
Finger #3

4 W - '

Finger #4

WvW-1 -WW- ^
^ I | 1  v  V .V

Finger #1

Figure C.l — Fingers grasping a vibratory object.
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B = (-m fe 1 iX(Cfe2,x+cu2,x)-m fe2,x(cfe  1 ,x+Cu +((cfe 1,a:+cu l,x)(kfe2,x+ku2,x )+

(kfe \,x)((-fe2,x̂ ~cu2,x)')^t (C.l 4)

Selecting the model parameters of the fingers #1,#2 such that they satisfy the constraint 

relationship of equation C .l 1 can result in the vibration of the grasped object approaches 

zero. However, since these fingers can not pull the grasped object, the assumption is by 

selecting the model parameters of finger #3 and #4 such that they satisfy a similar con

straint relationship of equation C .ll ,  their cooperative response can reduce the vibration 

o f the object to zero. The proof of the effectiveness o f this approach is subject to experi

mental verification which is beyond the scope of the thesis.

In this thesis it is assumed that the model parameters of each grasping finger are 

given, i.e. targeted impedance of the finger Z,, and the objective o f the thesis is to match 

the actual impedance of the finger with the desired one.

In general, the impedance model represents a relationship between the force and 

displacement, Hogan[20].
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APPENDIX D
Dynamic Model of a 2DOF Finger

This appendix presents a linear dynamic model of a 1DOF finger of a dexterous 

mechanical hand.

Let the nonlinear dynamic model of a 2DOF finger be given as: ( Fu, Gonzales and 

Lee[45])

coordinate frame, M(0) is the inertia matrix of a finger expressed in its configuration 

coordinate frame, N(0,0) is the matrix containing the nonlinear terms associated with the 

Coriolis and centrifugal terms and G(0) is the term associated with the gravity.

The perturbed model of the dynamics equation of a finger about an equilibrium con

figuration is written as:

Assuming that M(0+S0) = M(0) and using Taylor Series Expansion to expand terms N 

and G we have : ( Davison[26])

Ŵe = M(0)0 +  N(0,0) + G(0) , (D .l)

where, W q = (Tei,Te2)7' is a vector of joint torques expressed in the finger configuration

W e+ W e = M(0+80)(0+80) + N(0+S0,0+80)+G(0+80) . (D.2)

N(&+80,0+50) = N(0,0)+x. 9N(0,0)

O
(D.3)

G(0+80) = G(8)+ 8&f.
(70

(D.4)
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Ignoring the second and higher order terms in 50 and 50 in the above expansions, equa

tion D.2 is written as:

W(0)+5W(0) = M(0)+N(0,0)+Ni (50)+N2(50)+G(0)+G i (50) . (D.5)

Substituting equation D .l into equation D.5 for We we obtained the following equation:

5W(0)=M(0)50+N250+(N1+G 1)50 , (D.6)

where for example, for a 2DOF finger having cylindrical links, the terms M (0),N i,N2, 

and Gj are written as :

M(0) =
113m il}+l/3m2l2+m2 li+m2l l h c  i H3im2i2+^ m 2 h h c 2

1/3/712/2^" l / 2m 2/ \ l 2c 2 1/3/712^2

N, = —m2l\l2®2s 2 “ m 2/i/2(0i+02)^2
/7X 2  ̂1 ̂  2 ® 1 2 ^

n 2 = 0 —m 2 l \ l 2 ^ \ ^ 2 ^ 2 ^ ) c 2
® l/2m 2/ l  ̂ 2®! t-2

G 1 = (-ll2m ig li+ m 2g l i ) s i - l l2m 2gl2S 12 - l/2 m  2 2 / 2 * 1 2

- \H m 2gl2S \2 —Him 2gl 2$ 12

where: ci=cos(0 1),c 2=cos(0 2 ), s i ^ i n ^ ) ,  J 2 =sin(0 2), ^ i2=sin(01+02) , / i=  length of 

link 1 , l 2= length o f link 2 , m\=  mass of link 1, m 2= mass o f link 2 and g= gravity 

acceleration. Rewriting equation D.6 by setting:

M e = M(0) ; C e = N ! ; K ^ f N z + G j)  .

Also, defining a vector 7"9 as a vector of joint velocities expressed in the finger confi

guration coordinates as 7 9=(50i,502)r  , the linearized dynamic model o f a finger is 

expressed as:
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Me7'e4 C 0 r0+Kej7 '$dt = W$ . (D.7)

R em ark D .l: When a finger of a dexterous mechanical hand makes contact with an

object, the coordinates of the initial contact of the finger-tip with an object can be used as

an operating point where the nonlinear model of the finger is linearized.

The linearized dynamic model of a finger can also be expressed in a coordinate 

frame located in the finger end-point as:

Wact = MfeTfe + C f j f i  + KfejTfedt , (D.8)

or,

WV, = - Z f Tfe , 
s

where,

Z f  = M fes 2 + Cfes + Kje

where, the parameters of the linear dynamic equation of the finger expressed in the finger 

end-point reference coordinate frame in terms of the parameters of the equation (D.7) are 

defined as: (Khatib[46])

M/e = J5 r M0 J e 1 ■

C/e = Je^f-M eJe1 JeJ i'+C eJe1) ,

K/e = J5r Ke ,

where, Je is a Jacobian of a finger, definition A.17.
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Rem ark D.2: When a finger is grasping an object and the plane of a finger is horizontal, 

the dynamics equation of a finger defined in equation D.8 is simplified as:

Wact=M feTfe . (D.9)

Rem ark D J :  The nonlinear dynamic equation, see equation D .l, expressed in the finger 

end-point can also be written as:

Wac, = QTfe +f(Tfo,jTfidt) , (D.10)

where, Q  represents the nonlinear inertia matrix and f  (Tfe,jTfedt) represents the 

Coriolis and centrifugal components.
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