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Cy x - -+ x C, composite friction cone, 59
C;, i’th friction cone, 57

G(qg), grasp matrix, 60

Jr(®,q), hand Jacobian, 473

K (qo, o), grasp stiffness matrix, 458

K ¢, joint stiffness matrix, 458

Mil (q0), 1’th finger first-order free motions, 137, 149
Mll...k(qO)’ first-order free motions, 137, 150
M 12 k(qo), second-order free motions, 170
U @ V, direct sum, 422

B, grasped object, 17

C=R" x §0O(n), object c-space, 18

F, free c-space, 136, 148

xi(q0,q) i’th c-obstacle curvature, 28, 32, 172
Krel(qo, q), relative c-space curvature form, 172
IC, c-space caging set, 237

L, grasp map, 60

01, ...,0O, finger bodies, 54
®=(¢;....,P;), robot hand joints, 411
W, net wrench cone, 259

bdy(B), grasped object boundary, 196
bdy(CO;), i’th c-obstacle boundary, 136
co(X), convex hull, 199

dst(x, ©), distance function, 24

ni(g), i’th c-obstacle normal, 25

int(CO;), i’th c-obstacle interior, 136, 148
W, i’th coefficient of friction, 56

N (A), matrix null space, 421

v, Morse index, 239, 264, 487

df (x), generalized gradient, 24, 480

4 = (v, w), tangent vector, 38

R(A), matrix range space, 421

w=(f,7), object wrench, 42

d;(q), i’th c-obstacle distance fuction, 148
f1, -, fk, contact forces, 54

[—, lower half link, 239, 264

m;O, first-order mobility index, 152

méo, second-order mobility index, 172
p, number of force components, 60, 302
X1, ...,Xk, contact points, 54

rank(A), matrix rank, 422

3-2-1 fixturing, 156

actively controlled contact forces, 423, 425, 427
adhesive forces, 12, 260

affine control system, 311

affinely independent, 120

angular velocity vector, 38

antipodal grasp, 85, 99

barrier function, 309, 317

basin of attraction, 262

bounded mobility, 236, 251

bounded parallelogram equilibrium region, 361

c-obstacle, 21

c-obstacle boundary, 21, 22
c-obstacle curvature, 26, 168, 214
c-obstacle curvature form, 267
c-obstacle distance function, 24
c-obstacle normal, 23
c-obstacle parametrization, 22
c-obstacle slice curvature, 29
c-obstacle union, 22, 208
c-space caging set, 237

c-space coordinates, 19

c-space cotangent vector, 4143
c-space tangent vector, 38—40
cable grasps, 55, 74

cage formation, 144, 232

cages under gravity, 256

caging grasp, 206

caging problem, 232

caging projection function, 237
caging regions, 245

caging set, 232

Carathéodory’s theorem, 110, 200
center of compliance, 345, 464
center of curvature, 27

center of grasp, 324

center of rotation, 72, 157
center of stiffness, 464

change of object frame, 342, 463
change of wworld frame, 347
circle of curvature, 27, 195
coin snapping, 469

compliant grasp, 141, 454, 457
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composite cage, 239, 245 equivalent spring constant, 456
composite friction cone, 59 error system, 314
compressive grasp, 87, 192 essential contact, 64, 110
computed torque, 314 essential equilibrium stance, 265
cone constraint, 307 essential finger, 151
configuration space, 5, 18 essential grasp, 151, 171, 265
contact area, 58 exceptional bodies, 220
contact compatibility constraints, 413, 417, 442, expansive grasp, 87, 193

447, 459 exponential coordinates, 18, 160
contact force cells, 379, 382
contact frames, 55, 302, 412, 414 feedback linearization, 314
contact independent regions, 332 finger body, 20
contact mode ambiguity, 355, 363, 392 finger force line, 82
contact space, 81, 89, 117, 151, 198, 242 finger mechanism Jacobian, 413
contact splitting, 89, 94, 101, 105, 195 finger stiffness, 460, 473
control system, 301 finger wrench cone, 62
controllability, 301 first-derivative test, 265, 483, 485, 491
controllability matrix, 313 first-order free motions, 149, 289
convex combination, 73, 480 first-order immobilization, 142, 154, 279, 315,
convex cone, 57, 150, 273, 302, 303 330
convex function, 35, 307 first-order mobility index, 151, 152
convex hull, 110, 277, 375 first-order roll-slide motions, 158
convex hull property, 355 first-order wrench resistance, 434
convex optimization, 226, 309, 337 five-strip formula, 356, 359, 388
coordinate projection, 118 fixturing system, 2
coordinate transformation, 150, 342, 463 flat pencil, 79, 84, 88, 100, 129, 394, 405
cotangent bundle, 170 force closure, 10, 135, 144
cotangent space, 41 force normality quality function, 338
cotangent vector, 41, 42, 49 force-torque coordinates, 42
covector, 41 form closure, 10, 135, 144
covector transformation rule, 43 four-finger grasp, 92, 103, 104
Cramer’s rule, 123, 130, 284 frame invariance, 50, 321, 322
critical contact forces, 381, 383, 397 free c-space, 136
critical point, 258, 487 friction cone, 57
critical value, 487 frictional point contact model, 57
cross-product matrix, 19, 38 frictionless point contact model, 55
curvature, 27, 196 fully actuated system, 312
curvature derivative, 196 fully configuration actuated system, 312
D’ Alembert’s principle, 310 generalized chain rule, 25, 480
degenerate finger mechanism, 429 generalized contact normal, 85
diffeomorphism, 43, 150, 342 generalized friction cone, 58, 301
differential 1-form, 49 generalized gradient, 24, 154, 480
dimension of set of equilibrium grasps, 117 generalized Hessian, 173, 483
distance metric, 323, 340 gentlest grasp, 309
disturbance rejection, 141 grasp centroid, 329
disturbance safe equilibrium region, 361 grasp compliance matrix, 476
double cotangent vector, 190 grasp dynamical equation, 311
double friction cone, 91 grasp force optimization, 308, 336
double-contact submanifold, 242 grasp jamming, 239, 247
dual cones, 142, 145, 146, 288 grasp map, 59, 60, 139, 301, 379
dual vector space, 341 grasp matrix, 60, 302, 342, 414,419

grasp matrix eccentricity, 326

epigraph, 307 grasp matrix ellipsoid, 326
equilateral grasp, 101 grasp matrix isotropy, 326
equilibrium grasp, 62, 82 grasp matrix singular values, 324, 340
equilibrium stance, 258, 259 grasp mechanical advantage, 325
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grasp polygon, 328

grasp quality function, 321

grasp stiffness matrix, 8, 458
gravitational potential energy, 258
gravitational wrenches, 272, 277

hand Jacobian, 414, 442, 460
hand supported stance, 144, 349
handle grasp, 275, 277, 280
hinged jaw gripper, 234
homeomorphism, 237
homogeneity property, 361
Hooke’s Law, 455

humanoid robot, 372

immobilizing grasp, 136, 433

indicator function, 329

injective linear map, 427

inner product, 42

inscribed ball, 105, 213, 220

inscribed disc, 89, 220

instantaneous manipulability, 442

instantaneous work, 41, 42, 150, 151, 170, 341,
342, 386, 418

internal grasp forces, 62, 65, 302, 419, 423, 425,
426

isotropic friction cone, 71

jamming gripper, 12
join point, 237, 491
joint stiffness matrix, 458

kinematic control system, 449
kinematic quality function, 322
kinetic energy, 341

left inverse matrix, 430, 443

legged robot, 350, 363, 372, 393

Lie algebra, 19, 39

line contact, 73, 225

line geometry, 6, 38, 43, 384, 393, 405
linear programming, 379, 405

linear matrix inequality, 306, 336

linear subspaces of lines, 82, 84, 98, 393
linearized grasp dynamics, 312

linearly dependent pencils, 394
Lipschitz constant, 478

Lipschitz continuous, 199, 213
Lipschitz continuous function, 24, 154, 220, 478
LMI wrench resistance, 308

LMLI, linear matrix inequality, 306

local asymptotic stability, 314, 319, 467, 468
local cage, 236

local controllability, 449

local wrench resistance, 350-352, 448
local wrench resistant grasp, 141
log-determinant cost function, 310, 317

Index 495

lower half link, 239, 240, 489
Lyapunov function, 315, 319

manifold, 18, 486

mass matrix, 261, 310

matrix exponential, 19

matrix full column rank, 427

matrix full row rank, 422

matrix group, 18

matrix norm, 340

matrix rank, 380

minimal first-order grasp, 198

minimal grasps, 194

minimalistic robot hand, 12, 156, 182, 206, 219,
220

mobility, 135

moment labeling technique, 68, 122, 358, 367

Montana’s formula, 31

Morse data, 490

Morse function, 240, 248, 260, 487

Morse index, 172, 239, 487

Morse theory, 101, 105, 486

mountain pass theorem, 99

Mozzi—Chasles’ theorem, 45

net object wrench, 42, 59

net wrench cone, 62, 100, 116, 259, 352, 373,
379

Newton—Euler equation, 310

non smooth c-obstacle, 208

non-isotropic friction cone, 71

non-prehensile object, 349

non-smooth extremum point, 221, 481

non-smooth local maximum test, 173

non-smooth local minimum test, 155, 265

non-static motion modes, 358, 391

null space of grasp matrix, 62

one-contact stance, 279
orientation matrix, 18
orthogonal projection, 422, 437

palm frame, 411

parallel chain mechanism, 436

parallel jaw gripper, 234, 415, 425, 431, 432

passive contact forces, 427

PD joint control law, 457

plane contact, 74

Pliicker coordinates, 44, 51, 82, 92, 98, 393, 405

Poinsot’s theorem, 46, 70

pointed cone, 64, 110, 116, 145

pointed fingertip, 208, 210, 310, 412, 436, 442

pointwise maximum, 309

pointwise minimum, 479, 482

polar cones, 68, 78, 248

polygonal approximation of stance equilibrium
region, 379
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polyhedral cone, 64, 68, 79 set product, 59
positive semi-definite matrix, 305 seven-finger grasp, 108
positive span, 82 sign invariance property, 91, 95
power, 150, 151 simply connected manifold, 35
precision grasp, 430 singular finger configuration, 424, 438
preloaded contact forces, 425 singular values, 326
preloading, 141 six-contact stance, 283
principal curvatures, 27, 280 skew contact normals, 281
principal directions of curvature, 27 skew-symmetric matrix, 19, 38, 270, 474
principal radii of curvatures, 27 sliding contact, 58, 358, 392
projection matrix, 372 small-time locally controllable, STLC, 311, 449
projective space, 18 smooth c-obstacle, 195, 215
pseudo-inverse matrix, 419 soft-point contact model, 58, 72
puncture point, 237 solid pencil, 98, 394
spherical fingertip, 215
quasi-flat contact, 375 spherical joint, 412, 436

quasiconvex function, 307, 337
quasistatic gait, 3
quaternions, 34

spring compliance, 455

spring potential energy, 455

spring stiffness, 455

spring, rotational, 456

stance equilibrium region, 273, 353, 374
stance equilibrium state, 262

stance local robustness, 263

stance local stability, 262

stance stability region, 274

static stability, 350, 371

stiffness matrix decoupling, 464
stratified Morse theory, 237, 239, 486
stratified set, 235, 257, 379, 486
structurally dependent contact forces, 423
submersion theorem, 381, 395, 447, 451
support polygon, 107, 279, 285, 375
support problem, 106, 257, 271

surface of revolution, 225

radius of curvature, 27, 201

radius of curvature , 196

rank deficiency condition, 381

rank nullity theorem, 422

reciprocal lines, 45, 115, 129

reciprocal product, 44, 50

reciprocal screws, 160

regulus, 98, 103, 104, 114, 128, 281

relative c-space curvature form, 172

resistant contact forces, 423, 424, 435

resistant grasp forces, 423

Reuleaux, 144, 160

right inverse matrix, 419

rigid-body transformation, 20, 257

rigid-body transformation Jacobian, 25 R

robust grasp, 87, 92, 93, 108, 198, 210, 283, surjective linear map, 422
304, 309, 331

robust immobilization, 155

robust stance, 354

Rodrigues’ formula, 19

tame stance, 367, 375
tame terrain, 285
tangent bundle, 44, 48, 170, 184

rolling contact, 40, 58, 358, 392, 412, 417, tangent cone, 240, 248
434 tangent vector, 49

rotation matrix, 18 task programming, 463
ruled manifold, 214 Taylor expansion, 148, 168, 196, 484
ruled surface, 36, 98, 214 tetrahedral grasp, 105

third-order geometric effects, 190
saddle point test, 175 three-contact stance, 281
Salisbury hand, 1, 12, 436 three-finger grasp, 88, 100
screw lines, 46 thumb-and-two-fingers hand, 234
screw theory, 49 tool manipulation, 463
second-derivative test, 265, 485, 491 transversal intersection, 489
second-order free motions, 168 tripod rule, 102, 277, 283
second-order mobility index, 172 twist, 45, 49
second-order tangent space, 168 two-finger grasp, 84, 99
second-order wrench resistance, 434
secure grasp, 135 uneven terrain, 279, 350, 372
serial chain, 411 upward-pointing contact normal, 355
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vector norm, 340 wrench formula, 42
velocity norm, 323 wrench neighborhood, 361
virtual c-obstacle, 268 wrench norm, 341
virtual finger, 82, 106, 144, 268 wrench resistance, 84, 301
virtual work principle, 42, 310, 417 wrench resistance region, 330

wrench resistant grasp, 74, 139, 349
wrench, 9, 41, 42, 49 wrench space, 60
wrench cone, 62
wrench derivative, 170, 183, 190, 394, 458 ZMP principle, 393, 408
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