A controller for stable grasping and desired finger shaping without
contact sensing

M. Grammatikopoulou, E. Psomopoulou, L. Droukas and Z. Doulgeri,
Department of Electrical and Computer Engineering,
Aristotle University of Thessaloniki,

54124 Thessaloniki, Greece

e-mail: margramm@auth.gr ,

Abstract— This paper proposes a controller for the stable
grasp of an arbitrary-shaped object on the horizontal plane
by two robotic fingers with rigid hemispherical fingertips. The
controller stabilizes the grasp with optimal force angles and
desired finger shaping determined through the choice of a
control constant without requiring the utilization of any contact
information regarding contact locations and contact angles or
any estimates of them. Simulation results demonstrate the
performance of the proposed controller and show its clear
advantages with respect to other known control schemes.

I. INTRODUCTION

A number of review papers summarizing progress on
multi-finger robot grasping and dexterous object manipula-
tion has been published in the last decade [1]-[4] showing
the difficult path towards achieving the dexterity and per-
formance of the human hand with robots. Despite building
multi-fingered robot hands resembling the human hand since
the early robotics research years [5]-[9] stable grasping
and in-hand fine manipulation in uncertain and dynamic
environments is far from being accomplished in a simple
natural way.

Previous research work focuses on detailed grasp analysis
and planning of form and force closure grasps [10] involving
the accurate planning of fixed contact locations and contact
forces [3], [4], [11], [12] later allowing contact motion
via rolling and/or sliding and finger-gaiting [13]-[15] thus
increasing planning and control complexity. Most of the
proposed fine manipulation controllers have been hybrid
position-force controllers or impedance controllers which
assume fixed relative contacts (no rolling or sliding) and
knowledge of the system dynamics as they essentially cancel
it out as well as other precise information on the hand and
object [3], [4].

A notable exception has been research work addressing
the design of simple feedback control laws that attain stable
grasping in a dynamic sense [16], [17] as well as object
orientation, eliminating the need of precise grasp planning
by allowing rolling contacts and avoiding the solution of
inverse kinematics and dynamics. The superposition princi-
ple introduced in [18] and the stability on a manifold for
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dexterous object grasping and manipulation [19] revealed the
possibility to address the control design of stable grasping,
object orientation and position, independently. Enhancements
in various directions followed, achieving grasping and fine
manipulation blindly without force and contact sensing for
objects with flat surfaces and arbitrary shape for both the
2D and 3D cases [20]-[23]. This class of controllers allows
initial finger-object contact with contact locations and contact
force values that do not correspond to an equilibrium state
which is attained dynamically by the rolling of the fingertips.
A recent work belonging also in this class of controllers
concerns tactile-based grasping control of arbitrary-shaped
objects focusing on grasp quality with respect to the contact
force angle optimization [24]. Use of tactile sensing has
been advocated for measuring exact contact locations [25] or
contact angles [24] but the proposed control solutions have
not been analyzed or tested with respect to their robustness
on measurement errors.

In all the above research works, finger shaping or finger
configuration is not considered. However, finger shaping, as
grasp preshapes [26], may be important in order to best adapt
to the particular geometry and subsequent intended task.
In this work, we propose a dual finger control law which
stabilizes the grasp of an arbitrary-shaped object in 2D with
optimal force angles and desired relative finger shaping with
respect to their distal links, without requiring any tactile or
force sensing.

II. SYSTEM DESCRIPTION

Consider the x-y planar case of two 3 degrees of freedom
robotic fingers with revolute joints and rigid hemispherical
tips of radius 1 = rep = r in contact with a rigid
arbitrary shaped object, as depicted in Fig. 1. Vector q; =
[g1 i qig]T, i = 1,2 denotes the joint angles for the
14, finger. In the following, R,; denotes the rotation matrix
of frame {b} with reference to frame {a} unless the reference
frame is the inertia frame {P} in which case it is omitted.
R(#) is a rotation through an angle 6 about the z axis that
is normal to the x-y plane pointing outwards.

Let {P} be the inertia frame attached at the base of the
first finger (Fig. 1) and {O} be the object frame placed at its
center of mass (Fig. 2) and described by the position vector
Po € R? and the rotation matrix R, = R(6,).



Fig. 1: Pair of robotic fingers grasping a rigid arbitrary
shaped object

Fig. 2: Object and finger tip frames

Let {t;} be the i, fingertip frame described by position
vector py; € R? and rotation matrix R;, = R(¢;), with
3

o; = Z gi;. Let frame {c;} be attached at the contact point
j=1

of eagh finger with the object with its x axis aligned with
the normal to the object surface pointing inwards. Let the
orientation of {c;} relative to {¢;} be described by R;,., =
R(¢¢,) (Fig. 2). Frame {c¢;} is described by position vector
Pc; € R? and rotation matrix R., = R(¢;+ ¢y, ). Let ng,, te,
€ R? be the normal pointing inwards and the tangential
vectors to the object at the contact points, expressed in { P},
hence R., = [n¢, tc,;]- Notice that pe, = pt, + ™,

Let the two tangential lines at the contact points form an
angle equal to 2¢ and {J} be a frame with its y axis placed
upon the bisector of the angle 2¢g at a position that can be
freely chosen (Fig. 1). Line cjco is the contact interaction
line with length ||pe, — Pe, || = [ generally changing with
the contact location for an arbitrary shaped object. Let {L}
be a frame with its x axis placed upon the interaction line
¢1¢2. The orientation of {L} relative to {4} is described by
Rsr. = R(«) (Fig. 1). From the problem’s geometry it is
clear that R.,s = R(¢o), Reys = R(—¢o — 7). Combining
the above R, = Rot(¢y,) and R.,1, = Rot(¢s, —m) where

¢f1:a+¢07 ¢f2:a_¢0 (1)

denote the angles between the interaction line and the nor-
mals to the contacts (Fig. 1) which for a value of ¢ are
minimized at o = 0; the grasp controller should ideally

achieve this minimum as discussed in [24]. Calculating the
relative orientation of the contact frames R., ., via the object
Rcl(;RngT and the fingers RCITRCZ, angles ¢, ¢i, ¢y, are
related as follows:

200 + T = @2 — 1 + P, — Py, ()

We model the system under the following contact and
rolling constraints [20]:

ai ai
[Dii Diz] |Po| =0, [Ai Aiz] [Po| =0 (3)
0, 0o
where
Dy = nciTJ’u“ D3 = [_nCiT nCiTﬁOCJ 4)

Aii = tciTJvi + TiJwﬂ AiS = [_tciT tCiTﬁOCJ (5)

with Poc; = Pe; — Po and for a vector p = [a b]T we
define p = [b — a]T so that pTk Vk € R? defines the outer
product p x k. The Jacobian matrices J,, = J,, (q;) € R?*3,
Jo, = Ju,(ai) € R relate the joint velocity ¢; € R? with
the 44, fingertip linear and rotational velocities Pg, €R? and
W, =¢; €R respectively as follows:

pti = Jvi(’li y Wt = Jwiéli (6)

The system dynamics under the contact and rolling con-
straints (3) on the horizontal plane is described by the
following equations for both fingers and the object:

M;(qi)ds + Ci(qi, §i)ds + D" fi+ AN = w @)
M {SO} + D13T fi + DazT fo + AizT A + Az A =0
(8)

where M;(q;) € R3*3 M = diag (M,,1,), with M, =
diag (m,, m,) the positive definite inertia matrices of the i,
finger and object respectively and m,, I, denote the object’s
mass and moment of inertia and C;(q;, ;) € R® the
vector of Coriolis and centripetal forces of the i, finger. The
Lagrange multipliers f; and \; represent the applied normal
and tangential constraint forces respectively at the contacts
and let f., denote the resultant contact force magnitude. Last,
u; € R3 is the vector of applied joint torques to the i, finger.

I1I. PROPOSED CONTROLLER

We propose the following grasping controller:

uj = _kvn(.li - (_1)i fd vaT u
' " IPts — Pl
— (=)' rfasingJ,, " )
where
b= g2 — b1 — s, (10)

k,, is a positive control constant, f; is a positive constant
representing the desired grasping force magnitude at each
contact and 7, is an angle that is set by the designer in
order to express the desired finger shaping. “Finger shaping”
is in this work defined by the relative orientation of the two



fingers. Hereafter the following compact notation is used for
an angle 0: sy £ ginf and ¢y £ cosd.

The first term of (9) is introduced for joint damping. The
second term represents applied forces of magnitude f; at
the direction of the line connecting the fingertips t1ty =

Pt — Pt

[Pe; — P, || ey L . .
contact forces at equilibrium as it will be clarified in the

next section.

The proposed control law (9), (10) can be calculated using
only the robotic finger forward kinematics and the radius of
the hemispherical tips. Similarly to [23] and in contrast to
[24], it does not require any knowledge of the tangential
and normal directions at the contact and therefore no tactile
sensing is needed. Similarly to [24] it optimizes the force
angles at equilibrium as proved next and in contrast to [23]
it does not require the use of on line estimates of tangential
forces, neither conditions the grasping force magnitude on
system parameters. Last but not least, in addition to what
is achieved in [24] and [23], the proposed controller allows
the choice of any finger shaping at equilibrium. Moreover -,
may be time varying between an initial and a final shaping
value in order to interactively transition from one finger
shaping to another.

and the third term expresses the tangential

A. System Equilibrium

Substituting (9) into (7) utilizing (3) expanded by (4), (5),
the closed loop system can be written in terms of the force
errors as follows:

M;Gi+Cr,di+Diim Afi+ Aim ANi+rJ,,TAN; =0 (11)
2
Mypo— (e, Afi+te, AN)=0 (12)

=1
.. 2
1090+Zﬁgci (nanfl_FtC.AAz)'i_SN:O (13)
=1
where
Afi = fi — (—1)+! fyngT Ptz —Pta_ (14)
||pt2 — Pty ”
AN = N — (1)Lt 7 Ptz T Pta (15)
||pt2 — Pt, H
AN;=(=1) fut" et — (1) fus, (16)
Hptz pt1||
5 - Pt — Pt
SN = (Poey — Paey) fag—2— (17
(Poc, ~Pocs) [Pe. — Pt |

and Cy, = (C; + ky, I3) with I3 being the identity matrix of
dimension 3.

Setting velocities and accelerations to zero in (11) yields
DiTiAfi—ﬁ—AgA)\i—ﬁ—JZi rAN; = 0 which using (4), (5) can be
written as [J  JZ | [nﬁéiﬁzik}@?’
a full rank Jacobian matrix J; = [J;;F J;C], we obtain
ngAf; + tgAX; = 0, AN, + AN; = 0 that owing to the
independent directions leads to:

AN, = 0.

] = 0. Assuming

(18)
19)

Notice that (18) satisfies the object’s translational motion
equation (12) at equilibrium. The physical meaning is that,
at equilibrium, contact forces are at the direction of tito
with magnitude f., = fq4. Given (18), the object’s rotational
motion equation (13) yields Sy = 0 and in turn utilizing
(17)

Pto = Pty 0

— = (20)
||pt2 — Pt ”

(ﬁZCQ - ﬁch)
Notice that Poe, — Poc; = Pey — Pe, = €165 is the
interaction line vector; hence (20) indicates a zero outer
product of c1—02>, tito which implies that these lines are
parallel at equilibrium. Consequently, contact forces lie on
the interaction line. Hence, force angles at equilibrium satisfy

the following:
>\.
tan™! <Z> =0
£)

To proceed, notice that if we express pt, — Pt, in frame {0}
denoted by left superscript we can write:

6<pt2 - ptl) = 6(p02 - Tncz) - 6(pc1 - 7ﬂnC1)
= R(SL [l O]T + 'I"RZ;(;CIHCI — TR?Z(SCZHC2

_|ea 2rcg,
]+ )
where clearly “n¢, = [1 0]7 and respectively “it¢, = [0 1]T.
Consequently,
0 (Pe; — Pey) = 0 e’ (Pe; — Pra)
= (=1)"(lca + 2rcyy ) oo — 15aSs,

te, (Pe; — Pey) = “tg Re.s” (Pe; — Pey) (23)
= (leq + 2rcy, )Spy + (—1)1'*'1lsoéc¢)O

2

(22)

Utilizing (14), (15) yields, owing to (18), the values of f;
and )\; at equilibrium. Substituting these equilibrium values

T
in (21) leads to: tan~" L’pg — ¢p:. Using (23)

ne; T (pty —Pty

in the above expression and further substituting ¢, with
respect to ¢ and « from (1) yields cg, 5, = 0. For opposing
fingers, ¢o remains within (—7, 7) where ¢y, # 0. Hence,
5o = 0 yields o = 0 for o € (—7F, 5) indicating that the
bisector of 2¢( is perpendicular to the interaction line at

equilibrium.

Substituting o = 0 in (22) we get the value of the length
of fingertip line at equilibrium:

Hptz — Pt; ” =1+ 2TC¢0 (24)
Substituting & = 0 and using (24) in (23) we get:
7 Pty — Pty
S =35 (25)
“ Ipea—pul

Hence, from (16) owing to (19) and using (25), it is proved
that at equilibrium:
5¢ = 84)0. (26)

It is now clear that fys, appearing in the third term of the
controller (9) expresses tangential forces at equilibrium. In
general (26) implies that, at equilibrium, ¢ = 7™ — ¢ or

¢ = ¢o if » € (=%, 7). Substituting ¢ from (10) in the



latter yields
G2 — 1 = do + s (27

It is clear that ~y, affects the final relative finger orientation.
Summarizing the equilibrium state manifold of the closed
loop system:
o Contact forces [fi A\;]T
magnitude f., = fq
o Fingertip line ¢,¢5 is parallel to the interaction line c;co
o The bisector of 2¢ is perpendicular to the interaction
line cicp hence av = 0 and ¢y; = ¢ optimizing force
angles
o The final relative finger orientation is: ¢po—p1 = ¢dg+s-

applied along tl_tg have a

B. Stability Analysis

To facilitate the analysis, we rewrite the closed loop system
equation (7) - (9) in the following compact form collecting
all Lagrange multipliers in the vector A = [f1 fo A1 Ao]T
and all system position variables in x = [q1 7 q27 poT 6,]7.
r T (Pty —Ptq)

Jor” oo by
7[] T (ptzfptl)

V2 [[pty, —Ptyq |l
L O3x1

M%+ Ok + Kok + AN — fy

—fa

with
MS = dlag (M17 M27 M) 3 CS = dlag (Cl7 027 03><3)
Kv = dmg (kvlliia kv2]37 03><3)

Dt 031 AnT 030
A= |03x1 D’ 0zx1 A’ (29)
Diz" Dos™ AT AT

Similarly, the constraints can be written compactly as:
ATx =0.
Multiplying (28) by %7 from the left assuming a constant

vs yields: g + W = 0 where:
1, .
V= XM+ fallpe, =Pl + farz () (30)
W:km”fll‘|2+kvz||(.12”2 €1y

where z (t) = fod) sed€. Clearly V is positive definite with
respect to X, ||[Pg, — Pt || and z (t) for =5 < ¢ < T in
the constraint manifold defined by M.(x) = {x € R? :
ATx = 0}. Given V = —W < 0, it is clear that V(t) <
V (0) holds and consequently X, ||pt, — Pt, || and z () are
bounded. From (16), (17) it can easily be concluded that
AN; and Sy are also bounded.

We write alternatively the closed loop system (11) - (13)

in the following form utilizing (4) and (5):

MX+Cx+ AAXN+ BAmM =0 (32)
rJu, T 031 O3x1
C=Ci+K, , B=|03a1 1Ju,” 031
O3x1  O3x1 [00 17

AN = [AfL Afy AN AX]T , Am = [AN; AN, Sy|T

In order to prove that AX is bounded, we multiply (32)
by ATM,~! from the left, substituting A”% = —AT% and
multiplying again by (A7 M, ' A)~! we derive:

AX = (ATM, 7 A) 7 (AT% - ATM, TN (Cx+ BAm))

Since AN;, Sy are bounded, Am is bounded and hence
the term in the second parenthesis is bounded. Additionally,
the matrix in the first parenthesis is bounded, thus A\ is
bounded. Hence from (32), X is also bounded and conse-
quently x is uniformly continuous. We may therefore deduce
the convergence of d; to zero while the contact and rolling
constrains (3) yield that

Do — Poci b — 0 (33)
Eliminating p, by subtracting (33) (for ¢ = 1,2) yields:
(Pocy — Poc, ) 0o — 0 and in turn 6, — 0 and from (33)
Po — 0. Hence, it is proved that system velocities converge
to zero, X — 0. Following the reasoning of Section III-A,
we obtain Af;, AX;, AN; — 0. Since x is bounded, x is
uniformly continuous, therefore AX and Am are uniformly
continuous from (14), (15). Consequently (32) leads to X
being uniformly continuous, thus X — 0. Last from the
rotational object equation (13), it is clear that Sy — 0 and in
turn following the reasoning of Section III-A o — 0 which
implies that the force angles ¢y, at equilibrium are optimal
and equal to ¢g. Regarding x convergence it may be further
proved following the proof line in [22] that X converges to
zero exponentially as ¢ — oco.

Remark 1: If 44 # 0, (31) becomes W' = k,, ||qu||* +
ko, ||d2]|? + s sin ¢. Considering |¥s| < b for b > 0, W’
can be bounded as follows: W’ > k,, ||d1]|? + ko, || 2> — b.
Hence, it is easy to prove that ¢;, ¢ = 1,2 are uniformly
ultimately bounded and will eventually go to zero since 5 =
0 at the final finger shaping value.

IV. SIMULATION RESULTS

We consider two identical robotic fingers, as depicted in
Fig. 1, with » = 0.01 m and their parameters given in Table
I. The fingers are positioned at distance d = 0.02 m and
are initially at rest. We consider an object with a curved
surface of semicircular shape with mass m, = 0.08 Kg and
I, = 6 x 10~8. The initial system position is given in Table
IT and shown in Fig. 3 (blue line). The system is simulated
under the proposed controller as well as the controllers of
[24] and [23] for comparison purposes. Controller in [24] is
given by:

w; = —ky,di + fa(Dii” cg + (—1) A" s4,)
while controller [23] is given by:

w = i (<) 2L, (b, — i) -
where N; = & [1 ], aidr = = (¢i(t) — ¢:(0)) with 7;
being a positive constant estimator gain.

In all cases k,, = 0.006 for ¢ = 1,2 and f; = 4 while
~v; = 0.001.

All three controllers achieve an equilibrium state shown
in Fig. 3 - 5. Notice that the proposed controller keeps close
to the initial finger shaping for s = 140° (Fig. 3) similar to

T
Ju, T TilN;



[ Links [ 1 T 271 3 ]

= 6.68°
Masses (Kg) 0.045 | 0.03 | 0.015
Lengths (m) 0.04 | 0.03 | 0.02 oom
Inertias (Kg m?) 0.06f
I, (x1079) 6 [ 4 ] 2 0.05]
TABLE I: Robotic fingers parameters E o004
0.031
[ Joints | qii[deg] [ qizldeg] [ qiz[deg] | 0.2}
1=1 146.5335 | -60.5216 -70
i=2 | 4167 54 70 e«
l Object [ a:o[m] [ yo[m} [ Go[deg] l 0 003002 001 0 001 0.02 0.03 0.04 0.05
[ [ 001752 [ 0055 [ 0 ] o
TABLE II: Initial system pose Fig. 4: Control system [24]
controllers [24] (Fig. 4) and [23] (Fig. 5). Keeping the initial P = 6457
finger shaping preserves grasp preshapes. It further achieves oor
an equilibrium state with the smaller ¢y as compared to the 008
other two, although ¢y minimization is not an explicit control 005
objective. Notice that it is generally desirable to achieve an £ oot
equilibrium state with small values of ¢ because this is the 008
final force angle and improves grasping in practice, keeping 002
forces in the center of the friction cone. 001
Other desired finger shapings can be achieved for v, = L e
0° with ¢g = —14.19° and fingers almost parallel to each afm)
other and v, = 90° with ¢y = —1.25° and fingers almost
perpendicular to each other (Fig. 6 and Fig. 7 respectively). Fig. 5: Control system [23]

The former shaping (s = 0°) is appropriate when powerful
grasping forces are required (bulky object) as opposed to
the latter (s = 90°) which is more suitable for delicate tip 012 go = —14.19°
forces (thin object) [7]. Moreover, the former shaping may
be more appropriate for a subsequent handover task while
the latter is more suitable for a change of the object pose. 008

0.1F

y[m]
o
3

¢ = 5.99°

0.041
0.07

0.06 0.021

0.05

0
-0.06 -0.04 -0.02 0 O 02 004 006 0.08
s m

ylm]
o
>
R

0.03
002 Fig. 6: Proposed control system for v, = 0°

0.01

-0.04 -0.02 0 0.02 0.04
fm)]

¢o = —1.25°
Fig. 3: Proposed control system for v, = 140° Zzz

System time response for the case of v; = 90° are shown 006
in Fig. 8 - Fig. 13 and are consistent with theoretical findings. B
Joint and object velocities as well as force errors converge to - oos
zero (Fig. 8, 9 and 10 respectively). Grasping force f., (Fig. Zzz
11) is converging to the desired magnitude f; =4 N while 001
force angles (Fig. 12) staying less than 20 degrees during TRy Fa—
grasping are converging to ¢g. The evolution of angles «, ¢g r[m]
and ¢ is shown in Fig. 13; as expected, angle « is converging
to zero and ¢ to ¢g. Notice that for curved surfaced objects, Fig. 7: Proposed control system for 5 = 90°

¢ varies with contact location. In contrast, for polygonal
shaped objects (eg. trapezoidal) ¢q is constant, therefore -y,
precisely determines finger shaping through (27). The proposed controller is not only able to achieve a stable
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Fig. 11: Grasping force response

grasp without object sensing, with optimal force angle as
well as with a desired finger shaping, but it also outperforms
the other two controllers in many other aspects. First, con-

—¢o at equilibrium

0.2 0.4 0.6 0.8 1

Fig. 12: Force angles
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©
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Fig. 13: Angles «, ¢ and ¢

troller [24] is very sensitive to contact direction measurement
errors. We simulated the system with a divergence of 5°
and —5° in R., = R(¢; + ¢¢,) for i = 1,2 respectively,
affecting ng,, te, involved in (4), (5). Simulation results show
that system response is unstable as depicted in Fig. 14 -
15. Even smaller errors ( 1°) lead the system to instability.
The proposed controller does not require the knowledge
of the contact normal and tangential directions. Second,
controller [23] requires the use of an online estimate of
the tangential forces which affects force transients that can
become oscillatory depending on the choice of the estimator
gain ;. Additionally, controller [23] achieves an equilibrium
grasping force given by f., = g—j(l + 2rcy,); hence, it
is dependent on system parameters that are varying for an
arbitrary-shaped object (I, ¢¢) thus being out of the control of
the designer. Fig. 16 shows the grasping force response of the
system with controller [23] which achieves an equilibrium
value of 7.78 N instead of f; =4 N. This is a disadvantage
particularly when grasping fragile objects. The proposed
controller achieves a preset desired grasping force (Fig. 11)
and therefore is safer when grasping such objects.

20

= =1
<= op
P
- Ne— S 2
< 20 I
1 2 8 ! ;
15 ‘
_ 10
B0
&
= s
S,
5 ” 3 ; ;
0 1 2 ¢ ) )

t[sec]

Fig. 14: Force angles and ¢g evolution in case of contact
direction error with controller [24]
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Fig. 15: Object position and orientation in case of contact
direction error with controller [24]

0 0.2 0.4 0.6 0.8 1
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Fig. 16: Grasping force response with controller [23]

V. CONCLUSIONS

In this paper, a grasping controller for an arbitrary-shaped
object is proposed which optimizes contact force angles
without contact sensing while allowing any desired finger
shaping. Grasp stability and force angle optimization is the-
oretically justified and validated via simulations. Comparison
simulations showed that the proposed control law has signif-
icant advantages over two other grasping controllers which
either become unstable in the presence of contact sensing
measurement errors or they may break a fragile object at the
sensorless case. Future work includes consideration of the
gravity forces and extension to the three dimensional case.
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