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Introduction to Robotics: Mechanics and Control
John J. Craig

Preface to the Persian Edition

It was with great pleasure that I learned that this text book would be
translated into the Persian language. The book is now available in En-
glish, Japanese, Korean, Polish, Italian, Chinese, and Persian. I hope
that readers of the Persian language find my efforts in writing this book
were worthwhile. My thanks to Prof. Ali Meghdari and his students for
this translation.

John J. Craig
August, 1992
California, USA
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1. RPR=Revolute, Prismatic, Revolute 2. Roll
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move garm to goal
with stiffrness=(80,80,0,100,100,100)
with force=20*cunces along zhat;
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BEGIN "Palletizing sample program"

FRAME in.pallet, out_pallet, part;

COMMENT
The (1,1) positions of the pallets and
grasping position of the parts;

VECTOR del rl, del.cl;

VECTOR del.r2, del_c2;

COMMENT Relative displacements along the rows and columns;

SCALAR rl, cl, irl, icl;

SCALAR r2, c¢2, ir2, ic2;

COMMENT counters,

EVENT in_pallet_empty, in_pallet.replaced;

EVENT out_pallet_full, out. pallet replaced;

COMMENT
Here insert the frame definitions for IN_PALLET
and QUT_PALLET and the vector value for displacements
along the rows and columns. These would be taught and
recorded using the robot. FRAME definitions are typically
unreadable by humans;

COMMENT
Now define the procedure PICK and PLACE called in the
main program later cn;
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PROCEDURE PICK;
BEGIN
FRAME pick.frame;
irf:= irl + 1;
IF irl GT rl
THEN
BEGIN
irlt = i,
icl := icl + 1;
IF icl GT el
THEN
BEGIN
SIGNAL in_pallet_empty;
WAIT inpallet_replaced;
icl = 1;
END;
END;
pick.frame := in_pallet+(iri-1}#del ri+(icl-1)+del.cl;
MOVE BHAND TO pick frame;
CENTER BARM;
AFFIX part TO BARM;
END;
PROCEDURE PLACE;
BEGIN
FRAME place_frame;
ir2:= ir2 + 1;

IF i¥2 GT 12

THEN

BEGIN
ir2 = 1;
12 = i¢2 + 1;
IF ic2 GT ¢2
THEN
BEGIN

SIGNAL out_palletl_empty;
WAIT out_pallet._replaced;
ic2 = 1;
END;
END;
place frame := out_pallet+{ir2-1)xdel r2+(ic2-1)*del c2;
MOVE part TO place_frame;
OPEN BHAND TO 3.0%IN;
UNFIX part FROM BARM;
END;
COMMENT The main program;
OPEN BHAND TO 3.0xIN;
WHILE TRUE DO
BEGIN
PICK;
PLACE;
END;
END;
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program PALLET
~- Transfers workpieces from one pallet to another.

var

-- Variables for the input pallet:
BASE1 : position -- (1,1) pesition on pallet
IR1,IC1 : integer -- counters for rows & cols
NR1,NC! : integer -~ limits for rows & cols
DR1,0Cl : vector -- delta between rows & cols

I5IG1,08IG1 : integer -- signals for pallet changing
-- Variables for the cutput pallet:

BASE2 : position -- (1,1) position on pallet
IR2,IC2 : integer -- counters for rows k cols
NR2,NC2 : integer -- limits for rows & cols
DR2,DC2 : vector -- delta between rows k cols

I5IG2,08IG2 : integer -- signals for pallet changing
routine PICK
-- Pick a workpiece from the input pallet.
var
TARGET : position -- target pose
begin
IRL = IRi + 1
if IR1 > NRi
then
IRl = 1
ICL = IC1 + 1
if IC1 > KCi
then
ICI =1
-~ get a new pallet
dout {0SIG1] = true
~-- notify pallet-changer
wait for din[ISIG1]+
—-- wait for imput line to go high,
-~ meaning pallet has been changed
dout [08161] = false
-- turn off our output signal
-- compute target pose
endif
endif
TARGET = BASE1
-~ start with (1,1) pose
shift (TARGET, (IR1-1)#DR1+(IC1-1)+DC1)
-- shift fer row and col offset
-- get the part
move near TARGET by 50 -- move to 50 mm away from TARGET
move to TARGET
clese hand |
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move away 50 ~- back away from TARGET by 50 mm
end PICK

routina PLACE
-- Place a workpiece on the cutput pallet.

var

TARGET : pesitien -+ target pose
begin

IR2 = TR2 + 1

if IR2 » NR2

then
IR2 = 1
IC2 = IC2 + 1
if IC2 > NC2
then
Ic2 = 1
-- get a new pallet
dout [0SIG2] = true
-- notify pallet-changer
wait for din[ISIG2]+
-- wait for input line to go high,
-- meaning pallet has been changed
dout [DSIG2] = false
-- turn off our cutput signal
-~ compute target pose
endif
endif

TARGET = BASE2

-- start with (1,1) pose
shift(TARGET, (TR2-1)+DR2+{IC2-1}+DC2}

-- shift fer row and col offset

move near TARGET by 50 -- move to 50 mm away from TARGET
move to TARGET
open hand 1
move away 50 -- back away from TARGET by 50 mm
end PLACE
e MAIN PROGRAM -oee--
begin
IRt =0 ; IC1 =0 -~ initialize counters

IR2 =0 ; IC2 =0
-- initialize other variables:

-~ BASE1 , NR1 , NC1 , DRl , DC1 , ISIG1 , OSIGL

--  BASE2 , KR2 , NC2 , DRZ , DC2 , ISIG2 , OSIGE
-- numerical pose definitions omitted here
open hand 1
while true do -- loop
pick
place
endwhile
end PALLET
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.PROGRAM main()

[

ABSTRACT: This is the top level program to move parts
between two pallets. It allows the operator to teach
the pallet locations if desired, and then moves parts
from one pallet te the next.

DATA STRUCTURES:

;  in.pallet[] = An array of locations for items on the

i pallet to be unloaded.

H in.height = Approach/depart height for input pallet.

; in.max = The number of items on a full input pallet.
i in.count = The number of items left on this input

H pallet.

; out.pallet[]= An array of locaticns for items on the
; pallet to be loaded.
H out.height = Approach/depart height for output pallet.

H out . nax = Thke number of items on a full cutput pallet.
H out.count = The number of items le.: on this output

H pallet.

; #safe = Safe robot locatien reachable from both

; pallets,

LOCAL $ans, in.count, out.count
; Define binary signal numbers used to control palleis
transfer = 1001 ;Input signal TRUE when transfers permitted
in.ready = 1002 ;Input signal TRUE when input pallet ready
cut.ready = 1003 ;Input signal TRUE when output pallet ready
in.change = 4 ;Qutput signal requests new input pallet
out, change= 5 ;0utput signal requests new output pallet
i Ask operator about setup and teach new pallets if desired
PROMPT "Do you want to define the pallet (Y¥/N):", $ans
IF $ans == "Y" THEN
DETACH() ;Detach robot from program centrol
TYPE "Use the PENDANT to teach the input pallet location*
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CALL setup.pallet(in.count, in.pallet[], in.height)

TYPE "Use the PENDANT to teach the output pallet locaticn"
CALL setup.pallet{out.count, out.pallet[], pout.height)
TYPE "Press the COMP butten on the PENDANT to coatinue"

ATTACH(CD ;Attach robot (wait for COMP button)
END
; Initialize transfer data
transfer.count = { ;Count of parts transferred
in.count = 0 ;Assume empty input pallet at start
cut.count = 0 jAssume full output pallet at start
; Wait for transfer sigmnal, then start the pallet transfer
MOVES #safe ;Move robot to a safe place
TYPE "Waiting for trasfer sigmal ...", /S
WAIT SIG(transfer) ;Wait until transfer signal seen

»

»

TYPE "starting transfer", /C2

; Main loop transferring from cne pallet tc the other, requesting

new pallets as mecessary. Quit when transfer signal becomes FALSE
WHILE SIG(transfer} DD ;While transfer is still ok...
IF in.count <= O THEN ;If out of input parts, ask for new
SIGNAL in.change ;Request pallet change
WAIT SIG(-in.ready) ;Wait for input net ready
WAIT SIG(in.ready) ;Followed by input ready
in.count = in.max ;Indicate full pallet
END
IF out.count <= 0 THEN ;If output pailet full, ask for new
SIGNAL out.change jRequest pallet change
WAIT SIG(~cut.ready);Wait for output not ready
WAIT SIG{out.ready} ;Followed by output ready
out.count = out.max ;Indicate empty pallet

END
; Acquire input part
OPEN ;0pen gripper
APPROS in.pallet[in.count], in.height ;Move over part
SPEED 20 ;Move at 20% speed
MOVES in.pallet[in.count] iMove to part
CLOSEI ;Close immediately
DEPARTS in.height iMove up again
in.count = in.count - 1 ;Count down

i Place output part
APPROS out.pallet[out.count], out.height ;Move over output

SPEED 20 ;Move at 20% speed
MOVES out.pallet[out.count] ;Move to empty place
OPENI ;Open immediately
DEPARTS out.height ;Move up again
out.count = out.count - 1 ;Count down

; Count transfer and display it

transfer.count = transfer.count + 1

TYPE /U1, "Number of parts transferred:", /I8, transfer.count
END ;End of while loop
i All done tranasferring parts, move robot to safe place and quit
MOVES #safe

-END
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.PROGRAM setp.pallet(count, array[], approach}

; ABSTRACT: Routine to compute am array of locations given locations
; which represent the upper left, lower left, and lower right peint
; of a pallet. All output locations have the orientation of the

; upper left part location.

; INPUT PARM: Nome

; OUTPUT PARM: count = Number of items on this pallet.
array[] = Array containing the pallet locatioms.
H approach= The approach height for this pallet,

LOCAL wl, 11, 1r, ap, t[], ncol, nrow
LOCAL row, col, cs, rs, i, frame
; Ask operator to teach pallet locations
CALL teach.point("upper left pallet positien", ul)
CALL teach.point("lower left pallet pesition", 11)
CALL teach.point("lower right pallet position", 1r)
CALL teach.point("approach height above the pallet", ap)
PROMPT "Enter the number of columns (left to right): “,ncol

PROMPT "Enter the number of rows (top te bottom): ", nrow
count = ncol*nrow ;Compute count of items

; Setup to compute pallet locations
cs =90 ;Assume 1 column, zerc spacing

IF ncol > 1 THEN

cs = DISTANCE(1l,1r)/(ncol-1) ;Compute spacing of columns
END
rs =0 ;Assume I row, zerc spacing
IF nrow > 1 THEN

rs = -DISTANCE(ul,11}/(nrow-1);Compute spacing of rows
END
Compute frame values
SET frame = FRAME(1l,1r,ul,ul) ;Compute frame for pallet
approach = DZ{INVERSE(frame):ap);Compute approach height

jwrt frame plane

DECOMPQSE t[1] = ul
; Loop to compute array values
i=1
FOR row = ¢ to nrew-1
FOR col = 0 to ncol-1
SET arrayl[i]l = frame:TRANS(row*rs,col*cs,0,t[4],t[5],t[6]1)
i=3i+1
END
END
RETURN
.END
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moveto(goal: vec3);

moveby(increment: vec3);
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moveto {goall);
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process pumal{is_ok: boolean);

var x,binl,bin2,drop: frame;

begin
binl:= [40,40,0,0,90,-90] as cri_zyz:
bin2:= [20,80,0,0,90,-90] as crt_zyz;
drop:= [0,0,15,0,180,0] as crt_ypr;
signal (sensor,ready,true);
wait(is_ok);
if is_ck then

x:=binl
else
x:=bin2;
moveto(’bolt’, drop rel xJ;
end;
(50 55 & an i B2 SIL b & ity 2uby Sy $- VY IS
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process puma2{is_ok: boolean);
var x,binl,bin2,drop: frame;
begin
binl:= [40,40,0,0,90,-90] as crt_zyz;
bin2:= [20,80,0,0,90,-90] as crt_zyz;
drop:= [0,0,15,0,180,0] as crt_ypr;
signal (sensor,ready,true);
wait (i ok);
if is_ck then
x:=drop rel binl
else
x:=drop rel bin2;
moveto(’bolt?, x);
end;
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PROGRAM PUMAZ

CONST

IS 0K = 2

SENSORREADY = 3

VAR

X,DROP,BIN1,BIN2: PGSITION
BEGIN

$MOTYPE = JOINT
$TERMTYPE = COARSE
$UFRAME = P0S(0.0,0.0,-950.0,0.0,0.0,0.0,"";

$UTOOL = POS(-0.0,-0.0,334.962,-0.0,06.¢,0.0,”")
$SPEED = 346.41
G336::

BIN1 = POS{400.0,400.0,0.0,-B9.9994,0.000508,-89.9499g,”")
BINZ = POS(200.0,800.0,0.0,-89.9994,0.000508,-89.9999, ")
DROP = PDS(0.0,0.0,150.0,0.0,180.0,0.0,'")

DOUT [SENSORREADY] = TRUE

IF DIN[IS.CK] THEN

GOTO G329

ENDIF

GOTO G332

G329::

X = (BIN1:DROP)

GOTO G326

G332:

X = {BINZ:DROP)

G326:

MOVE TO X NOWAIT

END PUMAZ2

oW
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Lyaponov’s second (direct) method
joint space scheme

actuation scheme

linear control method

intuitive scheme of Cartesian control

path control scheme
computed torque method
Lyapunov’s method
Cartesian decoupling scheme
intuition

microprocessor
micromanipulator

repeated roots

real and equal roots

real and unequal roots

complex roots

link twist

joint angle

redundant

AL

robot programming language
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explicit programming language
task-level programming language
interactive language
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multiprocessing language
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run time
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open kinematic chain
roller chain

Euler angles

Z-Y-X Euler angles
Z-Y-Z Euler angles
X-Y-Z fixed angles
roll, pitch, yaw
subroutine

subspace
underdamped state

Jacobian
inverse Jacobian

dynamicdlly simple
kinematically simple
structure

closed loop structure
orienting structure
positioning structure

redundant and closed chain structure

Goraud shading
orthonormal columns
stiffness

torsional stiffness
closed loop stiffness
effective stiffness
rotational speed
force-controlling servo
surface

generalized surface
constraint surface

facet
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pallet

host platform

workcell

transmission system

task level programming system (TLP)
vision system

second-order linear system
error-driven servo

direct time servo

discrete time simulation system
reduction system

control system
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off-line simulation
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servo valve
arm signature stule

keyboard
quadratic form

closed loop stiffness

computer-aided design (CAD)
path planner

collision-free path planning
link length

load capacity

lens

overload protection
performance
operator

high-level operations
debugger
nonautonomous

decoupled

background process

Lagrangian dynamic formulation

Rodrique’s formula

Cayley’s formula for orthonormal matrices

Grubler’s formula
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world interface
configuration space
error space
Cartesian space
null space
operational space
actuator space
workspace
reachable workspace
rigid workspace
dextrous workspace
Jjoint space
task-oriented space
over damped state
low pass filter

noncausal filter

closed form scolvable
chain rule

VHopital’s rule

control law

PID control law
error-driven control law
position control law
force control law

angle set convention
servo portion
model-based portion
Euler’s theorem on rotation
parallel axis theorem
pole

dominant pole

diagonal
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light pen

natural constraint

artificial constraint
position constraint
force constraint

actuator

vane actuator

joint actuator

subtask

virtual work

workeell calibration

digital computer

robot library

incremental rotary optical encoder
bounded

strain gauge

direction cosines

limit switch

feed forward control

hybrid control

hybrid position-force control
adaptive control
trajectory-following control
linear control

linearizing control

linearizing and decoupling control
digital control

discrete time control
numerical control (NC)
nonlinear control

decoupled control

hybrid position-force controller
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transpose Jacobian controller
inverse Jacobian controller
robust controller

force monitor
Cartesian-based control
joint-based control
independent joint control
position control

force control

active force control

shaded graphics
actuator torque
joint torque
gripper

Lagrangian

keyword

backlash

clearance

crank

moment of inertia
pricipal moment of inertia
mass moment of inertia

effective inertia

skew symmetric matrix
mass matrix

Cartesian mass matrix
rotation matrix
angular velocity matrix
tridiagonal matrix
identity matrix
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proper orthonormal matrix
unity matrix

affixment

character string

joint variable

end effector

length sum

wrist

three roll wrist

outward iterations

inward iterations

iterative Newton-Euler dynamic formulation
outward computation
inward computation
instantaneous axis of rotation
equivalent angle-axis
principal axes

joint axes

programming environment
generalized coordinates
open loop

closed loop

world model

world modeling

3-D modeling

wireframe model

null model

perfect model

CAD model

gravity model

lumped model

inverse model

modulus of elasticity
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shear modulus of elasticity
sequencer

center of mass
mechanical advantage
uncoupled

decouple

path

trajectory

time-optimal path

cubic spline trajectory
parabolic blend
collision-free path
numerical differentiation
Euler’s equation
recursive Newton - Euler equation
transform equation
undefined equation
configuration space equation
state space equation
characteristic equation
parametric equation
Newton’s equation
maniputability measure
positive definite

joint

ball and socket
prismatic joint

revolute joint

eigenvalue

scaling

partially constrained
position

Stewart’s mechanism
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servo-controlled mechanism

well-conditioned

parallelism in programming

limit stops
menu

brushless motor
stepper motor

direct current torque motor

on-line mode
background mode
mouse

path generator
assembly
automated assembly
component

damper

critical damping
effective damping

unstable
nonsingular
nonproper
time-invariant
gear ratio
damping ratio
event monitoring
via points
pseudo via points
singularities
computed points
paih points
conveyor

taught point
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set-point

fixed point

floating point
operating point
through point

wrist point

feature point
mapping

notation
Denavit-Hartenberg notation
faceted representation
analytic representation
shaded surface display
wireframe rendering
data types

geometric types

noise

linear actuator force
joint actuator force
Coriolis force
centrifugal force
semiconductor
semidefinite

model-based
inverse
invertible

bounded-input, bounded-output

active positioning device

text editors

co-located

smooth
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artificial intelligence

single-input, single-output (SISO)
unit

orthenormal

isotropic
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accuracy
active force control
active positioning device
actuation scheme
actuator

actuator space

actuator torque
actuator vector
adaptive control

AL

algebraic solution
aliased signal

analytic representation
angle set convention
angular acceleration
angular velocity matrix
angular velocity vector

anthropomorphic manipulator

antialiasing

argument

armature

arm signatures style
array

articulated manipulator
artificial constraint
artificial intelligence
assembly strategy
asymptotic stability
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automated assembly Sulegl 5
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circuit board

clearance

closed form sclvable

closed loop

closed loop stiffness

closed loop system
collision-free path
collision-free path planning
co-located

compensation

complex roots

component

computed points
computed torque method
computer-aided design (CAD)
computer-aided manufacturing (CAM)
computer vision
configuration

configuration space
configuration space equation
constraint frame
constraint surface

context sensitivity
continuous

control algorithm

control gain

control law

control law partitioning
control system

conveyor

conveyor belt

coordinated motion
Coriolis force

correlation time

Coulomb friction
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crank

critical damping

cross helical gear

cubic polynomial

cubic spline trajectory
current amplifier

cycle time

cylindrical manipulator

damped natural frequency
damper

damping ratio

data types

debugger

deburring

decouple

decoupled

deflection

degree of freedom

delay

Denavit-Hartenberg notation
description

dextrous workspace
diagonal

digital computer

digital control

direct current torque motor
direct drive

direct kinematics
direction cosines

direct time servo

discrete time control
discrete time simulation
disturbance rejection

dominant pole
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dual superscript
dynamically simple
dynamics

dynamic simulation
eccentricity

eccentricity

“edit, compile, run” cycle
effective damping
effective force feedback gain
effective inertia

effective stiffness
efficiency

eigenvalue

eigenvector

elbow manipulator

end effector

end of arm tooling
equivalent angle-axis
error checking
error-driven control law
error-driven servo

error propagation analysis
eITor Tecovery

€ITOT space

Euler angles

Euler’s equation

Euler’s formula

Euler’s parameters
Euler’s theorem on rotation

event monitoring

explicit programming language

extreme
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faceted representation
face width

feature point
feedback

feedforward control
finite element method
fixed automation
fixed link parameters
fixed point

fixture

flag

floating point

force constraint

force control

force control law

force-controlling servo

force-moment transformation

force monitor

force sensing
force-sensing fingers
forward kinematics
frame

free vector
frequency

full rank

gain

gantry robot

gear ratio

generalized coordinates
generalized energy function
generalized surface
geometric solution
geometric types

goal frame

B o eSSl aaliozty  OTY

S5 ety
X by sl
daila iad
(Soad) 3l gomams
i RS

EYS PP [P Y
Call (gl gl

Ly e sl
el b

(5 pmals Bl > i) o
ol 2k

s &S

e S

s JS 056

25 S5 i
2S5 IS s
e 851

e o

e 8aS pen k2K)
w2\

a3l yla

b
L i,

(g 55 g ) 0
JEa Gl oy

3lati 555l 26
a_\_:a)f)f.._.aﬁ ck..f
ek Jly
ke lies
SR ol




www. nbhandesyar .

OFD sl = (qoundS] aalin3ly

Goraud shading
graphic window
gravitational constant
gravity model

gravity vector

gripper

Grubler’s formula

guarded move

hard automation

heuristic method

hidden line elimination
high-level operations
homogeneous transform
host platform

hybrid

hybrid control

hybrid position-force control
hybrid position-force controller
hydraulic cylinder

hysterisis

identity matrix
independent joint control
industrial robot

inertia ellipsoid

inertia pendulum

inertia tensor

initial conditions
inspection

instantaneous axis of rotation
interactive language
integration

interface

interpolation
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interval
intuition

intuitive sheme of Cartesian control

inverse
inverse Jacobian

inverse Jacobian controller

inverse kinematics
inverse model
inverted pendulum
inward computation
invertible

isotropic

iterative Newton-Euler dynamic formulation
Aal-as LS (Sl Slal

iterative relations

Jacobian

joint

joint actuator

joint actuator force
joint angle

joint axes
joint-based control
jointed manipulator
joint offset

joint position sensor
joint space

joint space scheme
joint torque

joint variable °

joint vector

keyboard
keyword
kinematically simple
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kinematic emulation

kinematics

label

Lagrangian

Lagrangian dynamic formulation
Laplace transform

leading subscript

leading superscript

lead screw

length sum

lens

light beam interrupt sensor
light pen

I’Hopital’s rule

limit stops

limit switch

linear

linear actuator force

linear control

linear control method
linearizing and deccupling control
linearizing control

line of action

line vector

link

link length

link offset

link twist

load capacity

local linearization

local link frame
locomotion

logic testing and branching
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low pass filter
lumped model
Lyapunov’s method

Lyapunov’s second (direct) method
Lyapunov’s stability analysis

maniputability measure
mapping

mass distribution

mass matrix

mass moment of inertia
mass product of inertia
mechanical advantage
mechanical impedance
mechanical manipulator
memory bit

memory location

menu
micromanipulator
microprocessor
model-based
model-based portion
modulus of elasticity

motor armature inductance

motor torque constant
mouse

moving linearization

multi-input, multi-output (MIMO)
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nominal function
nonautonomous
noncausal filter
nonlinear control
nonproper
nonsingular
notation

null model

numerical control (NC)
numerical differentiation

numerical integration

numerical solution

off-line

off-line programming
off-line simulation
offset

on-line mode

open kinematic chain
open loop

operating point
operational space
operator

orientation

orienting structure
orthonormal
orthonormal columns
outward computation
outward iterations
overdamped
overhead gantry

overload protection

pallet
parabolic blend
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parallel axis theorem

parallelism in programming

parametric equation
partially constrained
passive compliance
path

path control scheme
path generator

path planner
path-planning emulation
path points

path update rate
perfect model
performance

PID control law
pixel

playback

preumatic cylinder
pole

polymorthic
position

position constraint
position control
position control law
position control system
positioning structure
position sensing
position vector
positive definite
post processor
potentiometer
premultiply
premution

principal axes

principal moment of inertia
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principle of virtual work
prismatic joint
programming environment
proper orthonormal matrix
proprioceptive sensor

pseudo via points

quadrate form

quasi-static

random disturbance
reachable workspace

real and equal roots

real and unequal roots
recursive Newton-Euler equation
reduction system

redundant

redundant and closed chain structure
redundant manipulator
redundant plane manipulator
regulation

remote center compliance
Tepeatability

repeated roots

resolver

resonance

revolute joint

rigid workspace

robot library

robot programming language
robust controller

Rodrique’s formula

roller chain

roll, pitch, yaw

rotational speed
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rotation matrix
rotor

run time

sample rate

scaling

SCARA manipulator
second-order linear system
self-collision
semiconductor
semidefinite

sensor

sensor frame

sequencer

serial kinematic linkages
servo-controlled mechanism
Servo error

servo portion

servo tate

servo valve

set-point

shaded graphics

shaded surface display
shear modulus of elasticity
SIL

similarity transform
simulation

single-input, single-output (SISO)
singular

singular direction
Singularities

singular state
skew-symmetric
skew-syinmetric matrix

smooth
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smooth function
specialized manipulation language
gpline

spot welding

spur gear

stable

state

state vector

station frame

stator

steady

steady-state analysis
steady-state error
stepper motor
Stewart’s mechanism
stiffness

strain gauge
structural length index
structural resonance
structure

subspace

subtask

surface

synthesis

tachometer

task frame

task-level programming language {TLP)
task-oriented space

taught point

teach pendant

text editors

3-D modeling

three roll wrist

through point
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time-invariant
time-optimal path

tool frame

torque ripple

torsional stiffness
tracking reference input
trailing subscript
trailing superscript
trajectory

trajectory conversion
trajectory-following
trajectory generation
transcendental function
transducer

transform
transformation
transform equation
transmission system

transpose

transpose Jacobian controller

trial and error
tridiagonal matrix

trivial

undefined equation
underdamped state
unit

unit quaternion

unity matrix

universe coordinate system

universal device
universal (world) frame
unmodeled resonance
unstable

update
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up-down counter

vane actuator

velocity transformation
via points

virtual work

viscous friction

vision sensor

vision system

voltage divider

well-conditioned

wireframe model

workcell

workeell calibration

work envelope

workspace

workspace bounding singularities
workspace interior singularities
workstation

work volutne

world interface

world model

world modeling

worm gear

wrist

wrist partitioned

wrist sensor
X-Y-Z fixed angles

z-buffer
Z-Y-X Euler angles
Z-Y-Z Euler angles

UJJ“,J_(_gb_,s...o S.‘GJL..:,

b bl
il L8
J‘tj) EJ:SI.:—-E

ol

St Jous

LFJLTJJL"

B s § gl

GJLSU:‘.X.

UJlS slai

Wl slad 5,0 08 sl
el sl Job s 0 sl
L5JLS°&““‘.|

&S o

Sl St b

sl o

s ailadse

oA L

&

7 85l

P W e

XY-Z el sl

7 ilbils
Z-Y-X byl Uy
Z-Y-7 byl bl




www. nbhandesyar. com

Led), Cu g

Vool Sela st
Yoo o (lailgnl
YAy Ll
VAL Lo
YAA Sl
AL el
L1 5 S 061 Y
LR S Y
sl
Yool
4 N N
FY b e
WA AYY  Gloyl e e
10l
W0 faie
L S L O
T LS b,
S gtaly
for A4 ba
fo4  Li oo
PP Gilyem
VES DJ—:I_ -
LA L - STV
VeV sl

FOF )

PP )y Suilegl glo, ]
r00  pba Hb AT

T Rl bl Sl
YOO s 53,8 My Sl
L S N |

LA JRIRTYI (PP <N |

YAY b sl Ll

YA (o0) (258 Sl

LA\ SV SR W PP

W

vor gkl

Fod 505 il

YL S Skl

TV Sy SELsl

VRS Sl

AL T SR W

YFo oue L;,_SJI;:JI

TYY g b s kSl

A L Gl

P hais Gl

Y i il

(e Sk s (Ssleimr cslggp ol
YAy 5



www. nbhandesyar. com

AR u:_,lf;..

YOV 5y pbiScat

YAV siSls
125 S8 ¢4 SRS T
Fra 188 pladses
FOr  lax sl (s Syle
A QPN CP

vAY lAn_..'G.AEa-Jp'-
YAY Gy -
Y‘\Y n)l.a 5—
Y"\Y @Jld (5=

LR ul’-v"" -
YAy sl e

(MIMO) A e s (S3ys A

vyYe

Fo X0 e
WY kL
Ve o ool
VOF e 5 sl
fov  wi

BB O
WY Goal

Py S ol

N e sl ralels
YV a2 ) ot bl s Lils
£ W/ -H P
VY LS sl
VY 8 sla Jaby on
VY S sl e o

Leal, oy OFA
50 ials ole

WY sl

AR Tt
AY Ll sl
YRO slal

YV ety
o0 kf
LI G e S
Y sl

PYF Sk

vAfF Gt
AL C Wy P
AT (k) culia slgae

TAY et
s
YE LS slyes Salasl
¥e (.d‘!l‘:'
Yoo Carpum M
Yoo ke, J
Y Y-
YA s
Y e
YAS Gyl wlal e
YOV Ll el ks
YOA YOY VP suls
TOA O XV (slojlen
TOA  sali gpldoa slas
YEF s il
YV SRS sl s
VoA pdolS
YEF b
v (CAM) jaalS ST o 1y
v e sy



www. nbhandesyar. com

O Laal, e
1y
YAF '-'ny [’.:.t......a) r,.s_
10 2 WP PRI &
P4 Gggli
YV sy sl laa
WY e slaa
WYl - slas
VY ode Jo glas
Y b JaS sl
AL} P et LSL"—
Yeh Sl
bal,
AR NTTIA T
YA UJL...‘_, Ui._.i:- “-
Y slel y i -
YYA Lk o

Vo L) g Al
AV hais &yl
YAF L5
spotbn b
YAY  AL_
FYFLYAT Y Sl
fyry SIL.
el
RN B slhee (ol -
tFY U‘:"Sl"hf e
fre QL” a5
TAV (il sl 0o
YAV Pk Soliom 2y
oY sl isbly
oy  Z-Y-XC
oY Z-Y-Z.
fa el X-Y-Z
00 sb g «Ju-

Y ol e

PP ol bk Gie

P54 b byhs Ois

WO 5 S

YO u.l';tS: .L:.;-_C-w!; CaSJ.‘-

PP alblo oS-

FYY AP O basles
YAV (aas) b s
YV e -

FYP 40 e

Yl L

ror L el lax
PO f slln

TV ndge sl s
Ve s L

YVO Sl y s

-

TYY e

YAY  (aae) Aol

F il ol

LA rLC Sleazine o s
Yoy .voe  alizél Ci.\
YOA  cdo

LR T PP

Yod 4 Slus

YW Lk,
Ve Jhslak),

Yoy e ush
ror gt slesws ;;.L.).)

\ WQL»
A e o sl
AL ETY,



www. nbhandesyar. com

LA £ - KV ST

\ (CAD) iyl SuS o b
YA L, b

E L e i b
foo e i o Shae

YAY oy o8

TP SISV (Sl e
FAA VY 556 0y Jye s
BV alets Ky sl 5 Gl oS e
PV ot dd
FRY sacSeabtina] St J-ai
(P

rae s

40 .F UJJlSA -

VA i -

A0 lhee -

W glshl e

YAF AYF Y )8 e

\TP J‘liiu""):'“)-
V15 e

Yo .40 F ul.a.i.n .
0 by Sl e
FYY ol G
Y00 haSul ks

WA e b
VY e G b 4
Yey JL'._.:,»:;:LB
YE0 S oyl
Yar PID.
RO AY Lo

Loal) o g 8de

M i

VWY AYY (e,

VWA AFAY ST

YEY Sk BLd el
YEY  Solaa bl jleste
Yoh auwijle
YAV Saer s il
YAY ol s 35l
_ P4 Lus a.bJ'AiL.u
P4 oy Lf.J"‘!L"
LI\ £ - EVR-+
Fo¥ il sy peas
PPA S g
fry GJIS JJL"
[t
A oLa Gl
| (AL AT R EJL:- Gy pdalp
YWY cr e als
AR SN R
YEE AT S5 s
L i« TP - F
PAY (Sligs) ol cslay ik
T Sy gl
Y. Soliew
VIO VY P i
YO P Gyl

Yeo0 (5':_}‘.-; U“JL uaaL.:
TRVl )2

Y e JSa

Y s das Oy



www. nbhandesyar. com

00 Lual, cp

Fod AT e
s ) S
LAMIRAAT- BN Y L R
P gl ) -
YAY  Luly oSl -
VA b i

PP ol enjale SSIS
\ (;Lau. UL.JJL-—:‘g

Y Lsldy

YOY e o

Y (okiai e i) O
N ol b S

AL PSSR PP S

b

TYA -

Yo e

Ve ohase

VAAAPRY S

FF o dulaalsy slan
Yo PP (gl s
AY ais
YAV S e e
Fe0 (b pyuns
YAy g

Ye¥ ,‘_,,.3;4..._
VAe U!J}’u‘.TJJ""
YYF 00 asli)yme
YYF 00 sl Lalj 3 9o
W el slay g
Jae

fPe slea-

FPe  Sate

FEA  slaSt ola

FAE AT,
FAL AAY .00 Ll dcyuma (slasls b3
VEY e Connd
VY Jae 4 ey G
08 shys 85k ys il 1z
PO (slae slayyrs i
A L ks
Y ks
TY (5 b
FeoV b sleas

foh g sleas

YA Gl eslaglshlS
PYA N0 S
FYA FFY (LS Joham
WY il 8
TP AN JPRE It
YoV luls
T S
Y ol lpugans
J5S
YYA gt
FAR Fod AT 0y ol S
YES s i =
TR s
YYe o.‘C.'.SuL.:—_
YO S fin sy i
Yor (Jl.'._.a‘u_:}wi_,_
TYAFOY gl il -

Y [T BT

rPA N hiod

Yo S olatie oo
vay

YA\ Jaie e

Yo ;b ln

LI S-SRy V-t PR




e T T, e e s i

www. nbhandesyar. com

Yov A by b
Vo oS bl
VOA  sul o
YOV s bl
VOA Wul s.\|.sr.=J.u'El=ii
rEY bk
rye tm
18 SRR
YAV o b
YAy el
AV Z e )b o)1k
ol
PEA SasS b By 4o
PPN b -
PN slaSai
ra U.U.J\.ALng.c}
Y0 e
iy
LAR U"‘:j.zJJSLS-
Y Sl S

\'0\ Jlxbfua_-)}._)l..\il;ga”_,
Y"O\’" ca-f LSLQ.QJJJ

LA AR

¥rF (SISO) oy SussoanS

Loaly caupgi DOY

f7Y £2Y  CAD gla
YO a8 Jes
YOO (glojmislB jood) joa
[ AYPTSVIPIR &
asles
Lo
YYa L;J-\J;\:‘l' (sLb.i-
YA ol gl
YVY  aamta_
Tef o)lpe )l
1§ S QECICI
YA (5hes) 23y slphaie
YA F () o928 Glghain
Vet ol piiliae
YV CSp baSsgdons pilpe
PL Ty
T Suyle oy glao
FYe Gl glas
Tre ol phoa sla-
A7 (ol) Lise
YYY e e
e
LI N
YOV e

YO lulb

viy e.ﬁJ&-J.':- L-'\-u-d
LA SR PO
FEY lAJIJx_n__”Jg &-,JJLE-;



