











B.1(a). To this end, a detailed formu-
lation for the dynamics of the hand-object system is rst derived, which takes rolling
constraints and the soft ngertip into account, see (Arimoto, 2008) for more detailed
formulation on the grasping dynamics. Then, a variable stiffness controller is presented
to grasp the object stably and the upper bound for the change rate of the stiffness is de-
rived from the proof of control stability.




where ¢; and ¢, are positive constant parameters which depend on the material of the
fingertip, and Ar is the deformation at the fingertip. The fingertip should keep contact
with the object surface, as shown in Fig. B.1(b), which can be expressed as follows

lh+r —Ary=(x—x1)cosf — (y —y1)sind (B.2)

lo+719—Arg = —(x — x9) cos + (y — y2) sinf (B.3)

B.1.2 ROLLING CONSTRAINTS

The rolling constraints on each fingertip can be represented as

d d
AT = — Y, i=1,2 B.4
(Tz Tz)dt¢z dt 7 1 B ( )
where Y; and ¢; are given by:
Y, = (z; —x)sin@ + (y; — y) cosd (B.5)
g +qu2+or=m+0 (B.6)
Go1+ G2+ 2 =7 —0 (B.7)

B.1.3 OVERALL DYNAMICS

The total kinetic energy for the overall system can be described as follows

| T B
K= a4 Higi + 5 M(@* + %) + 5 10° (B.8)
i=1,2

where q; = [gi1, qig]T is the vector of finger joints and H; € R2%?2 is the inertia matrix
for each finger, M and [ are the mass and inertia matrix of the object respectively.
The total potential energy from deformation can be given as:
AT,;
P = Z / c1n?dn (B.9)
0

i=1,2

Then from the Hamilton’s principle, we have

t1 A .
/ [6(K—P)= > czm«i%a)u > Ail(ri - Ari)%—&—

0 oXT
t j— i=
’ = 8;2 (B.10)
L16X iToq;]dt =0
8XT] +¢§2u Q}
Where X = [q,{‘7q%—"x7 y7 Q]T'
Then we have the overall dynamics for the object-hand system as follows
1. OAT; 0p;  0Y;
Hi(ai)q: + (5 Hi +S)&i + i — Nl(ri — Ari) =u; (B.11
(@i)d; + (5 H: + 5i)a +faq;f [(r r)aqf+aqf] w; (B.1D)
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M:z:Jri;Q[fi o 7/\1%]:0 (B.12)
Mij + L Ni—]=0 B.13
ij izzm{f 3 3y (B.13)
. aATi (9(]51 ay; _
16+ Y [fi g~ illri = Ar)— =] =0 (B.14)

i=1,2

With the identities in section B.5, the overall dynamics can be simplified as

Hi(Qi)Qi-i‘(%Hi S — (—1)ifidT [ cos 0 ]

—sin@
(B.15)

-1 in 0

— Ni[(ri — Ary) + JZ-T s ] =u;

— cos
Mz — (fi — f2) cos@ + (A1 + A2)sinf =0 (B.16)
Mij+ (f1 — f2)sin @ + (A1 + A2) cos 0 = 0 (B.17)
10— f1Y1 + foYa + 1M — Ao =0 (B.18)

B.2 VARIABLE GRASP STIFFNESS CONTROL

Motivated by the analysis of the overall system dynamics, the following control law is

adopted for each finger to achieve stable grasp

wi = —Di§; + kJ] (x; — xa) (B.19)

xX; 1
X; = Xd = =
' Yi 2

where D; is a diagonal positive definite matrix representing the damping gain. k € R

T+ 2o

Y1+ Y2

(B.20)

represents the variable stiftness for each fingertip (k is the same value for the two-

finger grasp to ensure force balance).

B.3 STABILITY PROOF-1

Taking the sum of inner product of Eq. (B.15) with dj,7 = 1,2, Eq. (B.16) with z,
Eq. (B.17) with g, Eq. (B.18) with 9, we have

d k
%E = — l;Q{qZTDZ(.lz —|— CQATZQ} + Z(Xl — XQ)T(Xl — Xg) (B21)

E=K+V+P (B.22)
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1 1 1.
K=Y salHid+ 5 M@+ %) + 5 10° (B.23)

i=1,2
AT,;
P=>Y" / crn?dn (B.24)
i=1,270
k T
V= —(x1 —X2) (X1 —X2) (B.25)

4
As proved in Arimoto’s book (Arimoto, 2008), the closed-loop dynamics is asymptot-

ically stable if

d
‘r<o B.26
a s (B.26)

which leads to
> {4l Didqi + c2A77}
i=1,2

b (x1 —x2)T(x1 — x2)

(B.27)

From this, we can conclude
o If the object is softer, namely c is bigger, we can change the stiffness faster.

e If the object is smaller, i.e., (x; — x2)7 (x; — x3) is smaller, we can change the
grasping stiffness faster.

As noticed that the bound of change rate of the stiffness is still depending on the state
variables, and thus in practice we need to design a state observer and filter the stiffness
k according to the state. In next section, a conservative bound of the change rate of the

stiffness will be found, which is independent of the state variables.

B.4 STABILITY PROOF-2

In Chapter 4, the desired stiffness is a function of the tactile sensing .S and the rest
length L, which is encoded using a probabilistic model GMM as follows

m

k=g(SL)= Z hilttk,i + Shyi Sy 5 (y — tyi)] (B.28)

i=1

Denote y = [LT, ST]T, to prove Eq. (B.21), we need to compute the change rate of
stiffness, i.e. l%;,

f %(@al + @%)
Oy 0L ot 0s Ot
x{Jidn + x4 Jad

(B.29)

1

2%y — xa]

= o0 x| Jid1 + x5 Jodo (B.30)

922|1x1 — xo|

From the definition of Eq. (B.28), we have

Ok N Oh; _ _
7= ;{ gy i T ShyiZyt (U — ty)] + hi (kg Ty 1)} (B.31)
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Assumption: During the change of stiffness, we assume the importance of each
gaussian components does not change with respect to y, namely %—}y = 0. This assump-

tion implies a local linear controller is used to regulate the grasping stiffness according
to Eq. (B.28).

With this assumption, we have

m

ok _
i > hi(SkyS,)) (B.32)
1=1
= [A11, Ayg, Ays] (B.33)

Note that A;; € R, A2 € R, Ai3 € R™*! are constant values or matrix, n is the

dimension of the tactile readings. To prove %E < 0, we only need to prove

x1 Jid1 + x5 Jodz
[A11, A1, Ays] * | xTJéy + xE Jade
% % 2||x1 — xa|

S {dTDids + A7) <0 (B34

i=1,2

[x1 — xo|?

2HX1 —Xg” 4

. . 0s
<= (A1 + A)xi T Jién + (A + Are)xe” T + A1352HX1 — Xl <

2D 2D
T 1 N . T 2 . .2
4G —————— @ +q4, ———q + 2 E co AT X1 — X (B.35)
1 ||X1 . X2H 1 2 HXI . XQH 2 - 2{ 2 }/H 1 2”
0s D, An+Awn ¢
<= Ai— < qf o — Jidu+
135, q1 %1 — X2||2(I1 N1 — X2||X1 191
D A+ A
. T 1 . 11 12 T . -2 2
— X2" JoQa + AT ||x1 — x
Sy L Ty LS RRELE i:§1 2{ 2 AT} |1 — X2
(B.36)
0s A+ A _ _
< Algf + (711 12 )Q[X,{JlDl 1J1TX1 =+ XgJQDQ 1J§X2] <

ot 4

pL/2 1/2

D
1 . 2 2 . 9 .9 )
e by 2 —de — ba P+ Y {2}/ 3 — x

”HXl*XZqu 1H ”Hxl 7X2||q2 2” 2;2{ 2 }/” 1 QH

denote this part as v and v > 0
(B.37)

s A+ A B -
< Aug + (D X xg Dy xe) <y (B.38)

Note that the first term in the left side of Eq. (B.38), i.e., A13 % represents the change of
stiffness due to the change of tactile sensing, if it is negative, Eq. (B.38) will keep hold-
ing and we don’t need to change the damping to stabilize the system. When A3 % >0,
namely increasing the stiffness according to the tactile sensing, we need to set a proper
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damping term to stabilize the system. From the bound of Jacobian (Ott, 2008), we have
Mnaz (JidE) < 02 0nri = 1,2 (B.39)

Also, from the physical constraint of the finger,

x| < Ly,i =1,2. Assume we use

the same damping at each joint, D; = Dy = diag{d}, then we have

202

max

o
v — Az g

L2- A11+A12)\2
d> ()

(B.40)

Remark:

e 7 is a parameter that is determined heuristically. If v 7, then d |. From the
definition of ~, i.e., Eq. (B.37), it will increase if the softness of fingertip ¢
increases or the size of object decreases, i.e., ||x1 — x2| J. This intuitively
makes sense: if fingertip is softer, less damping is required.

s
ot

most often a filter is used to preprocess the tactile data. The rate of change of

e The value %% is determined by the sensitivity of the tactile sensor. In practice,
tactile sensing % can be directly obtained from the filer and the damping can be
set accordingly. Another possibility is to assume a bound for [|A15 2% || < ~, and

then damping d can be set using the maximal value ;.

e Note that the bound for d is still very conservative, due to the assumption made
on v and the neglect of relative high friction at each joint of the fingers. For all
the experiments we have done so far in Chapter 4, we didn’t observe any unstable

behavior due to the change of the grasping stiffness.

B.5 IDENTITIES

From equations (A.2)-(A.7), we have the following identities, which are used in the

derivation of the hand-object dynamics.
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8AT1 T . T aATQ T . T
2 T [cosO, —sind = —JT [cosO, —sin
9T i [cos sin 0 ol 5 [cos sin 0]
3(251 T 8¢2 T
2 1. —1 — =1-1,-1
st =11 fer =L
8le Tr .« T 8}/2 T T
—— = Ji [sin6, cos 0 —— = J, [sin @, cos
e 1 [sin 6, cos 0] oqt 5 [sin @, cos 0]
aAT’l _ ) aATQ _ 0
e Ccos or Ccos
oy oYy
%——smﬂ %——Sme
agrl = sinf a§;2 = —sinf
o1 oYy
a—yffcosﬁ By cost
6A7‘1 aATQ
o~ oo 2
6¢1 6¢2
o ! E2
Y;
% = (x7 —x)cosf — (y1 —y)sind
0Ys

50 = (z2 — ) cosl — (y2 — y)sinf
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using augmented Lagrangian method. Applied Mechanics and Materials page 560-565, 2010.
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1 K. Hang, M. Li, J. A Stork, Y. Bekiroglu, A. Billard, D. Kragic. Hierarchical fingertip space for
synthesizing adaptable fingertip grasps. Autonomous Grasping and Manipulation: An Open Challenge.
ICRA, 2014.

2 M. Li, S. El Khoury, A. Billard. Synergy-level grasp synthesis learning. Hand synergies - how to tame
the complezity of grasping. ICRA, 2013.

Invited Talks
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Machine Learning;

programming: C++, MATLAB, python
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Robots used: KUKA LWR, iiwa, iCub, Katana, Barrett hand, Allegro hand;
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model predictive control(attend);
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