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SUMMARY10
There is a large gap between reality and grasp models that are currently available because of the11
static analysis that characterizes these approaches. This work attempts to fill this need by proposing12
a control law that, starting from an initial contact state which does not necessarily correspond to13
an equilibrium, achieves dynamically a stable grasp and a relative finger orientation in the case14
of pinching an object with arbitrary shape via rolling soft fingertips. Controlling relative finger15
orientation may improve grasping force manipulability and allow the appropriate shaping of the16
composite object consisted of the distal links and the object, for facilitating subsequent tasks. The17
proposed controller utilizes only finger proprioceptive measurements and is not based on the system18
model. Simulation and experimental results demonstrate the performance of the proposed controller19
with objects of different shapes.20

21
KEYWORDS: Stable pinching; Relative finger orientation; Soft rolling contact; Feedback control.22

1. Introduction23
More than a few multi-fingered robot hands have been built since the early robotics research years24
in order to resemble the human hand1–5 and some are now commercially available for research25
purposes, but most of them sacrifice degrees of freedom (DOF) and thus dexterity for compactness and26
lightweight structure. However, grasp stability and manipulation dexterity is irrevocably connected27
with the rolling ability of human fingertips as it allows fine and accurate adjustment of contact28
positions.6, 7 The progress accomplished in the last decades regarding grasp planning and control is29
shown in several review papers,8–10 but it is not adequate to resolve the grasping problem in uncertain30
and dynamic environments which is still considered as one of the main challenges that need to be31
solved for home robots.1132

The first approaches to grasp planning were analytical methods to synthesize force closure grasps33
and are based on accurate models of the hand kinematics, the object and their relative alignment.12–1534
However, precise geometric and physical object model availability is not always the case in practice.35
Moreover, surface properties or friction coefficients, weight, center of mass, and weight distribution36
may not be usually known. Last, systematic and random errors occur in real robotic systems due37
to robot inaccurate models and noisy sensors. Consequently, real-world applications of grasps38
synthesized analytically may fail. Despite relaxing some of the assumptions,16, 17 analytical methods39
are still mainly validated in simulations18, 19 or consider 2D objects.19–2140

In the last decade, the availability of grasp planning simulators, like GraspIt!,22 made data-41
driven methods become popular. These approaches rely on sampling grasp candidates from some42
knowledge base and rank them according to a specific metric.23–27 Grasp parameterization is less43
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specific in these methods; in fact, they utilize an object grasping point with which the tool center point44
should be aligned, an approach vector instead of fingertip position, wrist orientation and initial finger45
configuration. Consequently, these approaches are robust to perception and execution uncertainties.46
However, as the simulated environment does not resemble the real world adequately, grasp success is47
not guaranteed during execution. In fact, studies have showed that grasps synthesized with data-driven48
methods under-performed significantly in practice, when compared with grasps kinesthetically taught49
by humans.28, 2950

The large gap between reality and grasp models that are currently available is owed to the static51
analysis that characterizes all the above approaches. Although force closure implies the existence52
of an equilibrium, this is not sufficient for ensuring grasp stability;13, 14 as it was shown in recent53
works, physics-based dynamical simulations are a more reliable way to rate a grasp success.30, 3154
The need for further studying grasp dynamics and developing analytical models that better resemble55
reality is identified in Bohg et al. [10]. An approach to bridging the gap between reality and models,56
is the design of model free grasp controllers that dynamically achieve a stable grasp equilibrium57
state. Previous research work in this direction includes feedback control laws of low complexity that58
consider rolling contacts.32–34 This class of controllers achieves stable grasping and fine manipulation59
without any force and contact sensing requirements for objects with flat surfaces and arbitrary shape60
for both the 2D and 3D cases.7, 35–41 As the initial finger-object pose and contact positions must not61
necessarily correspond to an equilibrium state, perception and execution errors can be accommodated.62

This work belongs to the previously mentioned class of controllers that achieve dynamically a63
stable grasp equilibrium state. It considers the 2D case of pinching of an object with two soft-tip64
robotic fingers while adjusting the relative finger orientation. The two objectives are considered in a65
single design producing one control signal in contrast with previous works where multiple control66
signals are superimposed to achieve each objective. The relative finger orientation feature is required67
when the volume of the finger-object composite needs to be adjusted for subsequent placement of the68
object in a constrained environment or for increasing the grasping force manipulability. The proposed69
control law allows pinching of an arbitrary-shaped object as it does not require any knowledge of the70
contact normals, uses only proprioceptive measurements, and is proved to attain a stable equilibrium71
state by fingertip rolling motions. A preset desired grasping force is further achieved and the relative72
finger orientation is adjusted with the use of a tunable control parameter. Preliminary results of this73
work are reported in Grammatikopoulou et al. [41] for fingers with rigid tips. In this work, the74
proposed controller and its stability are analyzed for the more realistic soft fingertip case and is75
extensively validated by both simulations and experiments conducted on a prototype robotic hand76
setup with various object shapes.77

The rest of the paper is organized as follows. Section 2 states the basic assumptions considered as78
well as the kinematics and dynamics of the system. Section 3 presents the proposed grasping control79
law, while Sections 4 and 5 analyze the system equilibrium and its stability. Simulation studies are80
conducted in Section 6 and experimental results are presented in Section 7. Finally, conclusions are81
drawn in Section 8.82

2. System Modeling83
The system consists of two three-DOF robotic fingers with revolute joints and soft hemispherical tips84
of radius r1 = r2 = r in the x–y plane. The following assumptions are considered in this study:85

(i) An equilibrium state is assumed reachable by fingertip rolling motion on the object surface.86
(ii) In the case of curved contact surfaces, fingertip motion is confined on a curvature of constant87

radius.88
(iii) The pressure distribution in the deformed area of each fingertip may be represented by a89

concentrated force at the center point of the contact area in the direction perpendicular to90
the object surface.91

(iv) Both fingertips are made of the same material.92
(v) The mass of the object is small enough to ignore the gravity effect.93

Assumption (i) means that the initial state of the system does not necessarily correspond to an94
equilibrium. Assumption (ii) may be easily satisfied in practice as changes in contact positions by95
rolling fingertips are constrained by the tips’ radius and the finger kinematics.96
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Fig. 1. (a) Pair of robotic fingers grasping a rigid arbitrary shaped object, (b) Object and finger tip frames.

Vector qi = [
qi1 qi2 qi3

]T
, i = 1, 2 denotes the joint angles for the ith finger. In the following,97

Rab denotes the rotation matrix of frame {b} with reference to frame {a} unless the reference frame98
is the inertia frame {P} in which case it is omitted. Moreover, R(θ) is a rotation through an angle θ99
about the z axis that is normal to the x–y plane pointing outwards.100

Let {P} be the inertia frame attached at the base of the first finger (Fig. 1a) and {O} be the object101
frame placed at its center of mass (Fig. 1b) and described by the position vector po ∈ R

2 and the102
rotation matrix Ro = R(θo). Let {ti} be the ith fingertip frame described by position vector pti ∈ R

2103

and rotation matrix Rti = R(φi), with φi = ∑3
j=1 qij .104

Let the contact point of each finger be defined at the geometrical center of the contact area and105
be associated with a frame {ci} with its x axis aligned with the normal to the object surface pointing106
inwards. Let the orientation of {ci} relative to {ti} be described by Rt1c1 = R(φti ) (Fig. 1b). Frame107
{ci} is described by position vector pci ∈ R

2 and rotation matrix Rci
= R(φi + φti ). Let nci, tci ∈ R

2108
be the normal pointing inwards and the tangential vectors to the object at the contact points, expressed109
in {P}, hence Rci

= [nci tci ]. Notice that110

pci = pti + (r − �xi)nci, (1)

where �xi denotes the displacement due to the material deformation of each soft fingertip at the111
center of the contact area.112

Let the two tangential lines at the contact points form an angle equal to 2φ0 and {δ} be a frame with113
its y axis placed upon the bisector of the angle 2φ0 at a position that can be freely chosen (Fig. 1a).114
Line c1c2 is the contact interaction line with length ‖pc2 − pc1‖ = l generally changing with the115
contact location for an arbitrary shaped object. Let {L} be a frame with its x axis placed upon the116
interaction line c1c2. The orientation of {L} relative to {δ} is described by RδL = R(α) (Fig. 1a).117
From the problem’s geometry, it is clear that Rc1δ = R(φ0), Rc2δ = R(−φ0 − π). Combining the118
above Rc1L = R(φf1 ) and Rc2L = R(φf2 − π) where119

φf1 = α + φ0, φf2 = α − φ0 (2)

denote the angles between the interaction line and the normals to the contacts (Fig. 1a). Calculating120
the relative orientation of the contact frames Rc1c2 via the object Rc1δRc2δ

T and the fingers Rc1
T Rc2 ,121

angles φ0, φi , φti are related as follows:122

2φ0 + π = φ2 − φ1 + φt2 − φt1 (3)
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We model the system under the following rolling constraints:7123

[
Aii Ai3

]
⎡
⎣q̇i

ṗo

θ̇o

⎤
⎦ = 0, (4)

where124

Aii = tci
T Jvi

+ (r − �xi)Jωi
, Ai3 = [−tci

T tci
T p̂oci

]
(5)

with poci = pci − po and for a vector p = [a b]T we define p̂ = [−b a]T so that ∀k ∈ R
2, p̂T k denotes125

the outer product p × k. The Jacobian matrices Jvi
= Jvi

(qi) ∈ R
2×3, Jωi

= Jωi
(qi) ∈ R

1×3 relate the126
joint velocity q̇i ∈ R

3 with the ith fingertip linear and rotational velocities ṗti ∈R
2 and ωti = φ̇i ∈ R,127

respectively as follows:128

ṗti = Jvi
q̇i , ωti = Jωi

q̇i. (6)

Given assumption (iii), we adopt the following model42 for the normal force magnitude:129

fi = ki�x2
i + ξi�ẋi, (7)

where ki is a fingertip material-based parameter and ξi is the viscous friction damping coefficient of130
the elastic material. Given assumption (iv), k1 = k2 = k, ξ1 = ξ2 = ξ .131

The system dynamics, under the rolling constraints (4) and assumption (v), is described by the132
following equations for both fingers and the object:133

Mi(qi)q̈i + Ci(qi, q̇i)q̇i + Dii
T fi + Aii

T λi = ui, (8)

M

[
p̈o

θ̈o

]
+ D13

T f1 + D23
T f2 + A13

T λ1 + A23
T λ2 = 0, (9)

where134

Dii = nci
T Jvi

, Di3 = [−nci
T nci

T p̂oci

]
, (10)

Mi(qi)∈R
3×3, M=diag (Mo, Io), with Mo=diag (mo, mo) the positive definite inertia matrices of the135

ith finger and object, respectively and mo, Io denote the object’s mass and moment of inertia136
and Ci(qi, q̇i)q̇i ∈ R

3 the vector of Coriolis and centripetal forces of the ith finger. The Lagrange137
multipliers λi represent the applied tangential constraint forces at the contacts and let fci

denote138
the resultant contact force magnitude. Last, ui ∈ R

3 is the vector of applied joint torques to the139
ith finger.140

3. Grasp and Finger Relative Orientation Control141
The following grasping controller is proposed for achieving a stable grasp of an arbitrary-shaped142
object with soft fingertips:143

ui = −kvi
q̇i − (−1)i fd Jvi

T pt2 − pt1

‖pt2 − pt1‖
− (−1)i rfd sin φJωi

T , (11)

where144

φ = φ2 − φ1 − γs, (12)

145
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kvi
, fd are positive constants and γs is an angle which is set by the designer in order to express the146

desired relative orientation of the two fingers. Hereafter, the following compact notation is used for147

an angle θ : sθ � sin θ and cθ � cos θ .148
The first term of Eq. (11) is introduced for joint damping. The second term represents applied149

forces of magnitude fd at the direction of the line connecting the fingertips −→
t1t2 � pt2 −pt1

‖pt2 −pt1 ‖ and the150

third term expresses the tangential contact forces at equilibrium as it will be clarified in the next151
section.152

This controller was proved to achieve the control objective in the case of fingers with rigid tips.41 In153
this work, we prove (Section 5) that the proposed controller (11), (12) achieves the control objectives154
in the case of soft fingertips and hence it can be successfully utilized in either case.155

Remark 1. The proposed control law (11) and (12) can be calculated using only the robotic156
finger forward kinematics and the undeformed radius of the hemispherical tips. It does not require157
any knowledge of the tangential and normal directions at the contact, unlike Song et al. [34], and158
therefore no tactile sensing is needed. Moreover, in contrast with other previous work,39 it does159
not require the use of on line estimates of tangential forces, neither conditions the grasping force160
magnitude on system parameters.161

Remark 2. The accommodation of additional objectives to the grasp stability is made possible by162
the system’s redundancy. In fact, the system consisted of the two soft-tipped fingers and the object163
has seven DOF to satisfy the control objectives: four DOF for stable grasping and one DOF for the164
desired relative finger orientation leaving two DOF free for other control objectives.165

4. System Equilibrium166
Substituting (11) into (8) utilizing (10) and (4) expanded by (5), the closed loop system can be written167
in terms of the force errors as follows:168

Mi q̈i+Cfi
q̇i+Dii

T �fi +Aii
T �λi +Jωi

T �Ni =0, (13)

Mop̈o−
2∑

i=1

(nci�fi +tci�λi)=0, (14)

Ioθ̈o+
2∑

i=1

p̂T
oci

(nci�fi +tci�λi)+SN =0, (15)

where169

�fi = fi − (−1)i+1fd nci
T −→
t1t2, (16)

�λi = λi − (−1)i+1fd tci
T −→
t1t2, (17)

�Ni = (−1)i+1fd

(
(r − �xi)tci

T −→
t1t2 − rsφ

)
, (18)

SN = (
p̂T

oc1
− p̂T

oc2

)
fd

−→
t1t2, (19)

and Cfi
= (

Ci + kvi
I3

)
with I3 being the identity matrix of dimension 3.170

The system equilibrium is found by setting velocities and accelerations to zero in Eqs. (13)–(15).171
From Eqs. (14) and (15), it is easy to derive that SN = 0 and in turn utilizing Eq. (19)172

(
p̂T

oc2
− p̂T

oc1

)−→
t1t2 = 0. (20)

Notice that poc2 − poc1 =pc2 − pc1 � −−→
c1c2 is the interaction line vector; hence, Eq. (20) indicates173

a zero outer product of −−→
c1c2, −→

t1t2 which implies that these lines are parallel at equilibrium. Also,174
Eq. (13) yields DT

ii�fi + AT
ii�λi + J T

ωi
r�Ni = 0 which using Eq. (10), Eq. (5) can be written as175
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[
J T

vi
J T

ωi

] [
nci�fi + tci�λi

r(�λi + �Ni)

]
= 0. Assuming a full rank Jacobian matrix Ji = [

J T
vi

J T
ωi

]
, we obtain176

nci�fi + tci�λi = 0, �λi + �Ni = 0 and owing to the independent directions:177

�fi = �λi = 0, (21)

�Ni = 0. (22)

Consequently, since −→
t1t2 is parallel to −−→

c1c2, force angles at equilibrium satisfy the following:178

tan−1

(
λi

fi

)
= φf i. (23)

Also, contact forces lie on the interaction line with magnitude fci
= fd . Alternatively from Eq. (21),179

utilizing Eq. (7) yields180

�x2
i = fd

k
cos φfi

. (24)

Subtracting Eq. (24) for i = 1, 2 and using Eq. (2) yields181

�x2
1 − �x2

2 = −2fd

k
sαsφ0, (25)

which means that when both fingers apply the same normal contact forces at equilibrium (�x1 = �x2),182
then α = 0 (or φ0 = 0) and vice versa.183

Moreover, from Eq. (18) owing to Eq. (22), it is proved that at equilibrium184

sφ = r − �xi

r
tci

T −→
t1t2, (26)

which yields for the relative fingertip orientation:185

φ2 − φ1 = β + γs, (27)

where186

sin β = r − �xi

r
sin

(
φ0 + (−1)i+1α

)
. (28)

From Eq. (27), the way γs affects the final relative finger orientation is made clear. Equation (28) for187
relative stiff materials ( r−�xi

r
≈ 1) yields188

β = φ0 + (−1)i+1α, (29)

which implies that α = 0 and hence β = φ0. Then, Eq. (2) implies that φf1 = −φf2 = φ0 which is189
the best compromise achieved for stable grasping since both finger contact forces are equally placed190
within the friction cone. This is also generally true as it is shown in simulation results. Moreover,191
when α = 0, the bisector of 2φ0 is perpendicular to the interaction line at equilibrium.192

Remark 3. Given α = 0, Eq. (27) indicates that for objects with parallel surfaces (φ0 = 0) or193
known φ0, γs specifies accurately the relative fingertip orientation at equilibrium.194

Summarizing the equilibrium state manifold of the closed loop system:195

• Fingertip line −→
t1t2 is parallel to the interaction line −−→

c1c2.196

• Contact forces [fi λi]T applied along −→
t1t2 direction have a magnitude fci

= fd .197
• The final relative finger orientation is φ2 − φ1 = β + γs .198
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5. Stability Analysis199
To facilitate the analysis, we rewrite the closed loop system Eqs. (8)–(11) in the following compact200
form collecting all Lagrange multipliers in the vector λ = [λ1 λ2]T and all system position variables201
in x = [q1

T q2
T po

T θo]T .202

Ms ẍ + Cs ẋ + Kv ẋ + D f + Aλ − fd

⎡
⎣ Jv1

T −→
t1t2

−Jv2
T −→
t1t2

03×1

⎤
⎦ − fd

⎡
⎣ Jω1

T rsφ

−Jω2
T rsφ

03×1

⎤
⎦ = 0 (30)

with203

Ms = diag (M1, M2, M) , Cs = diag (C1, C2, 03×3) ,

Kv = diag
(
kv1I3, kv2I3, 03×3

)
, f = [f1 f2]T ,

A =
⎡
⎣A11

T 03×1

03×1 A22
T

A13
T A23

T

⎤
⎦ , D =

⎡
⎣D11

T 03×1

03×1 D22
T

D13
T D23

T

⎤
⎦ . (31)

Similarly, the constraints can be written compactly as AT ẋ = 0.204
Multiplying Eq. (30) by ẋT from the left and considering a constant desired relative fingertip205

orientation (γ̇s = 0) yields
dV

dt
+ W = 0, where206

V = 1

2
ẋT Ms ẋ + fd‖pt1 − pt2‖ + fdrz (t) +

2∑
i=1

bi(t), (32)

W =
2∑

i=1

(
kvi

‖q̇i‖2 + ξi�ẋ2
i

)
(33)

with z (t) = ∫ φ

0 sξ dξ , bi(t) = ∫ �xi

0 fs(ζ )dζ , and fs(�xi) = ki�x2
i . Clearly, V is positive definite with207

respect to ẋ, ‖pt1 − pt2‖, z (t) for −π
2 < φ < π

2 and bi(t) for 0 < �xi < r in the constraint manifold208

defined by Mc(x) = {x ∈ R
9 : AT ẋ = 0}. It is clear that V (t) ≤ V (0) holds and consequently ẋ,209

‖pt1 − pt2‖, z (t), and bi(t) are bounded. The time derivation of Eq. (1) yields �ẋi = nci
T (ṗti − ṗci ).210

Hence, �ẋi is bounded. From Eqs. (16), (18)–(19) using Eq. (7), it can easily be concluded that �fi ,211
�Ni , and SN are also bounded.212

We write alternatively the closed loop system (13)–(15) in the following form utilizing Eqs. (10)213
and (5):214

Ms ẍ + Cẋ + D� f + A�λ + B�m = 0, (34)

C = Cs + Kv , B =
⎡
⎣rJω1

T 03×1 03×1

03×1 rJω2
T 03×1

03×1 03×1 [0 0 1]T

⎤
⎦

� f = [�f1 �f2]T , �λ = [�λ1 �λ2]T , �m = [�N1 �N2 SN ]T . (35)

In order to prove that �λ is bounded, we multiply Eq. (34) by AT Ms
−1 from the left, substituting215

AT ẍ = −ȦT ẋ and multiplying again by (AT Ms
−1A)−1, we derive216

�λ = (
AT Ms

−1A
)−1 (

ȦT ẋ − AT Ms
−1 (Cẋ + D� f + B�m)

)
.

Since �fi , �Ni , and SN are bounded, � f and �m are bounded and hence the term in the second217
parenthesis is bounded. Additionally, thematrix in the first parenthesis is bounded, thus �λ is bounded.218
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Hence from Eq. (34), ẍ is also bounded and consequently ẋ is uniformly continuous. We may therefore219
deduce the convergence of q̇i to zero while the rolling constrains (4) yield that220

ṗo − p̂oci θ̇o → 0. (36)

Eliminating ṗo by subtracting Eq. (36) (for i = 1, 2) yields
(
p̂oc2 − p̂oc1

)
θ̇o → 0 and in turn θ̇o → 0221

and from Eq. (36), ṗo → 0. Hence, it is proved that system velocities converge to zero, ẋ → 0.222
Following the reasoning of Section 4, we obtain �fi, �λi, �Ni → 0. Since ẋ is bounded, x is223
uniformly continuous, therefore � f , �λ, and �m are uniformly continuous from Eqs. (16) and (17).224
Consequently, Eq. (34) leads to ẍ being uniformly continuous, thus ẍ → 0. Last from the rotational225
object Eq. (15), it is clear that SN → 0. Regarding x convergence, it may be further proved following226
the proof line in Arimoto36 that ẋ converges to zero exponentially as t → ∞.227

6. Simulation Results228
We consider two identical robotic fingers, as depicted in Fig. 1a, with r = 0.01 m and their parameters229
given in Table I. The fingers are positioned at distance d = 0.02 m and are initially at rest while230
applying a normal contact force of 2 N. The fingertip material parameters are chosen as k = 5 × 104231
Nm−2 and ξ = 3 Nm−1s.232

We consider three types of objects, an object with parallel surfaces (φ0 = 0◦), a trapezoidal233
object (φ0 = −12.5◦) and an object with a curved surface of semicircular shape (varying φ0). The234
parameters of the objects are given in Table II. The system is simulated under the proposed controller235
with kvi

= 0.005 Nm/s for i = 1, 2 and fd = 4 N . The initial relative orientation of the fingers is236
chosen as φ2(0) − φ1(0) = 95◦ and the object is initially at θo = 0◦.237

Table I. Robotic fingers parameters.

Links 1 2 3

Masses (Kg) 0.045 0.03 0.015
Lengths (m) 0.04 0.03 0.02
Inertias (Kg m2)

6 4 2
Iz (×10−6)

Table II. Parameters of the grasped objects.

Object with parallel surfaces

Mass (kg) 0.04
Height (m) 0.04
Width (m) 0.02

Trapezoidal object

Mass (kg) 0.04
Height (m) 0.05
Small base (m) 0.02
Side angles (◦) 15 and 10

Curved object

Mass (kg) 0.04
Radius (m) 0.02
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Fig. 2. System equilibrium for γs = 90◦, γs = 45◦, and γs = 0◦ for all object shapes (the gray line represents
the initial and the black line the equilibrium system configuration).

Figure 2 shows the initial and equilibrium system configuration for all object shapes and for three238
different desired relative finger orientations γs = 90◦, γs = 45◦, and γs = 0◦. A desired γs = 90◦239
keeps close to the initial configuration which is useful if grasp preshapes should be preserved while240
with γs = 0◦ the distal links are almost parallel to each other. Moreover, Fig. 3 shows the internal241
force manipulability ellipsoids43–45 at the equilibrium system configuration for all object shapes and242
desired relative finger orientations. Internal force manipulability ellipsoids are defined by regarding243
the whole cooperative system as a mechanical transformer from the joint space to the cooperative244
task space. It is clear that the relative finger orientation with γs = 90◦ is appropriate when larger245
grasping forces are required (bulky object) as opposed to γs = 0◦ which is more suitable for delicate246
tip forces (thin object).3 Figure 4 shows that angle α goes to zero for all desired finger relative247
orientations and object shapes, achieving the best compromise regarding force angles as mentioned in248
Section 4.249

System time response is shown for the case of the object with a curved surface and γs = 0◦ in Figs.250
5–11 and is consistent with theoretical findings. Joint and object velocities as well as force and torque251
errors converge to zero (Figs. 5a, 5b–6, respectively). Fingertip line t1t2 is parallel to the interaction252
line c1c2 at equilibrium (Fig. 7) and the resulting grasping force fci

(Fig. 8) is converging to the253
desired magnitude fd = 4 N. The evolution of angles α and φ0 is shown in Fig. 9a where it is clear254
that φ0 is changing in this case and angle α is converging to zero. This means that the force angles255
(2) are converging to φ0 (Fig. 10) while staying less than 20◦ during grasping. This also means that256
both fingers are applying the same amount of normal contact forces as it is shown by the fingertip257
deformations in Fig. 11. Finally, angle φ converges to the value of β for i = 1, 2 (Fig. 9b) satisfying258
the equilibrium relation (27).259

Last, we demonstrate the use of the γs control parameter in achieving a transfer from one fingertip260
relative orientation to another without compromising stability. This could be useful for cases where261
the subsequent task of the robot benefits from a different relative finger orientation. If, for example,262
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Fig. 3. Internal force manipulability ellipsoids (scaled by 0.03%) for γs = 90◦, γs = 45◦, and γs = 0◦ for all
object shapes.
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Fig. 4. Angle α for all cases.

the grasped object should be placed in a narrow or clustered environment, γs = 0◦ would provide263
a more compact finger-object cluster as compared to γs = 90◦ (Fig. 2). In the following simulation264
results, after achieving a stable grasp with γs = 90◦, we transition to γs = 0◦ via γs(t) = π

2 e−10t at265
t = 2 s for the object with a curved surface. Figure 12 shows the system pose when the object is stably266
grasped with γs = 90◦ as well as the final system pose with γs = 0◦. Finally, Figs. 13–14 show that
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Fig. 5. (a) Joint angular velocities, (b) Object translational and angular velocities.
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(d) Object torque error SN .
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all velocities and errors converge to zero at the end of the transition while the force angles stay less267
than 25◦ during all stages (Fig. 15). Angle α converges to zero and angle φ converges to the values268
of β (Fig. 16). It is clear that the stability of the system is not compromised.269
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Fig. 13. (a) Joint angular velocities, (b) Object translational and angular velocities during transition from a stable
grasp with γs = 90◦ to a stable grasp with γs = 0◦.

Fig. 14. Responses of (a) Normal force error �fi . (b) Tangential force error �λi . (c) Finger torque error �Ni .
(d) Object torque error SN during transition from a stable grasp with γs = 90◦ to a stable grasp with γs = 0◦.
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Fig. 16. Angles α, φ0, φ and βi during transition from a stable grasp with γs = 90◦ to a stable grasp with
γs = 0◦.

7. Experimental Results270
We further validate the proposed controller via experimental results. The experiments were conducted271
using a prototype robotic hand setup developed in the Human-Centered Robotics Laboratory of272
Kyushu University in Fukuoka, Japan (Fig. 17) by Tahara et al. [46]. The robotic hand consists of three273
four-DOF fingers, only two of which were used for this experimental validation. The joint structure274
of the fingers is shown in Fig. 18 and their parameters are given in Table III. The hemispherical275
fingertips are made of silicon and their radius is r = 0.015 m. The actuators used in the configuration276

Fig. 17. The prototype robotic hand setup.
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Fig. 18. Joint structure of the prototype robotic fingers.
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Fig. 19. Stable grasping of a cube with different γs (the dashed line corresponds to γs and the solid line to the
relative finger orientation φ2 − φ1). (a) γs = 0◦. (b) γs = 45◦. (c) γs = 90◦.
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Fig. 20. Stable grasping of a sphere with different γs (the dashed line corresponds to γs and the solid line to the
relative finger orientation φ2 − φ1). (a) γs = 0◦. (b) γs = 45◦. (c) γs = 90◦.

Table III. The prototype robotic fingers parameters.

Links 1 2 3

Masses (Kg) 0.038 0.024 0.054
Lengths (m) 0.064 0.064 0.03
Mass center (m) 0.023 0.035 0.01

are DC motors with specifications given in Table IV. The joint angles are obtained by encoders and277
the sampling period of the control loop is 1 ms.278

In order to validate the proposed grasping controller, a simple PD controller was used for the first279
joints of the fingers (kP = 0.9, kD = 0.008) keeping these joints stationary during the planar grasping280
experiments as validated by the acquired results.281

Two types of objects were used in the experiments: a cube and a sphere, both of which were282
made of styrene foam. Their parameters are given in Table V. Moreover, in all cases, kvi

= 0.008 for283
i = 1, 2 and fd = 1.284
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Table IV. Motor and encoder specifications.

Maximum speed (rpm) 9550
Maximum torque (Nm) 257
Gear ratio 5.4 : 1
Resolution (◦) 0.0167

Table V. Parameters of the grasped objects.

Cube

Mass (kg) 0.0021
Side length (m) 0.048

Sphere

Mass (kg) 0.00019
Radius (m) 0.33

Fig. 21. Fingertip and interaction lines at equilibrium.
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Fig. 22. Joint angular velocities of the prototype robotic hand.

As was previously shown in the theoretical analysis, the desired finger relative orientation parameter285
γs roughly defines the final relative orientation of the fingers which also depends on the geometry286
of the object and the deformation of the fingertips (27). Figures 19 and 20 show photographs of287
the initial and the equilibrium position achieved as well as the fingers’ relative orientation response288
for the cube and the sphere and for all considered values of γs (γs = 0◦, γs = 45◦, γs = 90◦). It is289
clear that the desired relative finger orientation is roughly achieved. The small error in the relative290
orientation response in the cube case may be attributed to the tangential deformation of the fingertips291
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Fig. 24. Stable grasping of a cube transitioning from γs = 90◦ to γs = 0◦ (the dashed line corresponds to γs and
the solid line to the relative finger orientation φ2 − φ1). (a) Finger relative orientation transition. (b) Relative
finger orientation.

and the object weight, both of which are not taken into account in the theoretical equilibrium manifold292
without however compromising the stability of the system.293

Figure 21 shows indicatively the equilibrium position of the system for the sphere with desired294
finger relative orientation γs = 90◦. It is clear that the fingertip line is parallel to the interaction line295
confirming the theoretical analysis. Moreover, the angular velocities of the fingers’ joints converge to296
zero in all cases which shows that the object is stably grasped (Fig. 22) and the control input voltage297
stays well below the limit of 10 V (Fig. 23).298

Finally, we demonstrate the experimental results of the transfer between one finger relative299
orientation to another with the use of the γs control parameter. Figures 24 and 25 show the transition of300
the system from the initial non-stable position to two successive desired relative fingertip orientations.301
Two different transitions are shown for the two objects, the transition of a cube from γs = 90◦ to302
γs = 0◦ (Fig. 24) and the transition of a sphere from γs = 45◦ to γs = 90◦ (Fig. 25). It is clear from303
the response of the relative finger orientation and the joint angular velocities, which converge to zero304
after the transition (Fig. 26), that the object remains stably grasped while achieving the desired finger305
shaping.306
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(a)

Fig. 25. Stable grasping of a sphere transitioning from γs = 45◦ to γs = 90◦ (the dashed line corresponds to γs

and the solid line to the relative finger orientation φ2 − φ1). (a) Finger relative orientation transition. (b) Relative
finger orientation.

Fig. 26. Joint angular velocities with finger relative orientation transition.

8. Conclusions307
In this paper, a grasping controller for an arbitrary-shaped object is proposed for two robotic fingers308
with soft tips. The controller does not require contact sensing while it adjusts the desired relative finger309
orientation allowing the shaping of the finger-object cluster for subsequent tasks or for increasing the310
grasping force manipulability. Grasp stability is theoretically justified and the equilibrium manifold311
is derived. The controller is validated via both simulations and experiments for objects with various312
shapes.313
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