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Abstract— Analytic grasp planning algorithms typically ap-
proximate compliant contacts with soft point contact models to
compute grasp quality, but these models are overly conservative
and do not capture the full range of grasps available. While
area contact models can reduce the number of false negatives
predicted by point contact models, they have been restricted
to a 3D analysis of the wrench applied at the contact and so
are still overly conservative. We extend traditional 3D friction
cones and present an efficient algorithm for calculating the 6D
friction cone (6DFC) for a non-planar area contact between
a compliant gripper and a rigid object. We introduce a novel
sampling algorithm to find the 6D friction limit surface for a
non-planar area contact and a linearization method for these
ellipsoids that reduces the computation of 6DFC constraints to
a quadratic program. We show that constraining the wrench
applied at the contact in this way increases recall, a metric
inversely related to the number of false negative predictions, by
17% and precision, a metric inversely related to the number of
false positive predictions, by 2% over soft point contact models
on results from 1500 physical grasps on 12 3D printed non-
planar objects with an ABB YuMi robot. The 6DFC algorithm
also achieves 6% higher recall with similar precision and 85x
faster runtime than a previously proposed area contact model.

I. INTRODUCTION

Grasping objects of arbitrary geometry with a robotic
gripper or hand remains an active area of robotic research and
has applications such as warehouse automation and manufac-
turing as well as household tasks such as decluttering. When
exact or approximate 3D models of the objects to be grasped
are available, analytic grasp planning models are often used
to determine grasp quality given the object and contacts [31]].
Among the quality metrics used, wrench-based metrics are
popular due to their relative ease of computation and ability
to model general and specific tasks [13} |17, [23]].

These models rely on accurate estimation of the forces
and torques applied at the contacts between the gripper and
object to form the Grasp Wrench Space (GWS), or the set of
wrenches that can be applied to the object by a set of gripper
jaws. By computing the GWS, we can determine which
wrenches the grasp can resist. In previous work, area contact
models made up of multiple points or regions have been
considered, but these either assume a planar contact area [9}
10} [16]] or can be inefficient for fine surface geometries [|11]].
In this paper, we consider non-planar soft area contacts
from a compliant gripper and formulate constraints for the
wrenches that can be applied at each contact, as shown in
Figure [I] We extend the 6D ellipsoidal model proposed by
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Fig. 1: (a) A non-planar area contact is created when a compliant
gripper jaw surface contacts a non-planar object’s surface. (b) An
enlarged view of the deformed jaw and the contact profile obtained
by the REACH model [11]. The non-planar contact area consists
of triangles and the redder colors represent higher pressure due to
larger deformation of the jaw pad at that point. (c) A projection
of the 6D friction cone that constrains the wrenches that can be
applied at the contact. Each ellipsoid represents a projection of the
friction limit surface for a given gripper closing force and its center
corresponds to the wrench created by the contact pressure.

Xu et al. [43] by more efficiently sampling wrenches on
the 6D friction limit surface (FLS) without Finite Element
Analysis (FEA) and combining the 6D FLS with the normal
wrench imposed at the contact. We present a novel 6D
friction cone (6DFC) that fully constrains the normal and
frictional wrenches that can be applied at a contact by
varying the grasp force. We then show how a linearized GWS
can be formed from the 6D friction cones at each contact and
can be directly used to evaluate grasp quality as a quadratic
program. We believe that the 6DFC is particularly relevant
to the family of compliant grippers both for grasp planning
and for grasp robustness analysis when the exact grasp force
is unknown. 6DFC subsumes both the friction cone created
from planar contacts from rigid grippers and grasp analysis
with known closing forces.
This paper provides three contributions:

1) A generalization of the 3D friction cone to a 6D
friction cone for grasp reliability computation.

2) The 6DFC sampling algorithm for efficiently construct-
ing the 6D friction limit surface and 6D friction cone
for a non-planar area contact.

3) Results comparing 1500 physical grasps of 12 3D
printed non-planar objects on an ABB YuMi robot with
predictions from 4 algorithms that suggest the 6DFC
algorithm can decrease false negatives by 17% over
soft point contacts and 6% over a previously proposed
area contact model.



Il. RELATED WORK mass (mass wrench space) that must be resisted [5, 17, 27,
A. Contact Models 39]. Mahleret al. usgd a mass Wrelnch space qf the gravity
) _ _ wrench, corresponding to a grasp's ability to lift and hold
The contact between a robot gripper jaw and an object cafe object [28, 29]. We use the same metric as Mableal.

be described as the jaw exerting a 6D wrench on the objegi that we characterize a grasp as successful if the grasp can
with 3D force and 3D torque components, expressed in &@sist the gravity wrench.

object reference frame.
Among the many models introduced [4,| 21, 36| 38], the. Grasp Wrench Space Formulation

most common models used in practice are point contact

models with friction or soft point contact models| [2,] 28].

Under the Coulomb friction model, these contacts can exe?

forces in the plane tangent to the contact surface and riction cones at each contact [5, 13, 32]. Krug et al. noted

torsional moment (for soft point contacts) about the conta&1at the independent contact bounds via the.MkaWSk' sum
normal [9, 10] 19, 20, 22]. The tangential force and torsiondl "¢ accurately represent fully-actuated grippers than that

moment that a soft point contact can exert can also be joint the sum-bounded union [24]. However, for sqft point

constrained by the FLS [15, P5,]33], which Hoeeal. [19] ontact models or area contact models that consider a 3D

approximated with an ellipsoid for computational ef ciency.frICtlon I|m|t ;urface, only the union or Minkowski sum
the ellipsoids created by the maximal normal force is

Planar area contact models are used to construct a ) L
considered (e.g., the ellipsoids generated by normal forces

ellipsoidal FLS[[10} 18, 40]; these area contact models jointl " 4 th imal Lt . d) I8
constrain forces in the contact plane and torque about trgg ween zero and the maximal normal force are ignored) 8,

normal, but do not consider non-planar area contactsetXu ™’ 24]. In contrast, we formulate the GWS using independent

al. [42] analyzed a 3D subspace of 6D friction constraints foi:ontact bounds and the full 6D friction I.imit surface ellipsoid
curved contact areas and generalized the 3D FLS eIIipso'% e"?‘ch normal force that can be applied at the cont_aq. The
to 6D to model friction for non-planar surfaces. The 6D FLSé friction cone captures both normal wrench and frictional
is computed by densely sampling body twists and tting thé/vrench constraints.

downsampled wrenches with an ellipsoid via convex opti-
mization [43]. We also use a sampling method to form thg' Contact Wrench Cones

6D FLS, but without densely sampling over the entire space In addition to grasping applications, contact models are
for increased ef ciency. Danielczukt al. [11] considered also commonly used to form contact wrench cones in
non-planar soft contacts by discretizing the area contact sgged robotics. The contact wrench cone (CWC) describes
a triangular mesh, but the REACH model did not considewrenches acting on the center of mass of a humanoid robot,
the coupling between contact triangles, instead formulatindetermined by the friction cones at discrete contact points
constraints for each triangle independently. This formulatiowhere the robot contacts the ground [1, 35]. Caebmal. [6]

also resulted in slow runtime due to the number of contadwilt the 6D CWC for non-coplanar contacts using surface
wrench constraints in the grasp optimization problem scalingpntact wrenches. Carpentier and Mansard [7] approximated

A common approximation of the GWS is to nd the
pnvex hull of the union or Minkowski sum of the discretized

with the number of triangles in the contact area. the CWC with a 6D cone. While the algorithms in [6, 7]
_ consider 3D wrench constraints at each point or planar area
B. Grasp Analysis contact, the proposed 6DFC models 6D wrench constraints

Evaluating grasp quality requires determining the grasp®r each non-planar area contact from compliant grippers.
ability to constrain the motion of the object by applying
forces and torques at the contacts to resist external distur- Ill. PROBLEM STATEMENT

bances without violating the frictional constraints at each \ye consider the problem of predicting grasp reliability, or

contact [3]. To evaluate this quality, many metrics hav robability of grasp success, by building a 6D friction cone
been developed based on the grasp wrench space (GWg)each non-planar area contact from compliant jaws.
or the space of wrenches that the contacts can apply to the

object [37]. For example, force-closure ensures the contacis

can resist any external wrenches with arbitrarily high grasp

forces [26, 32, 34]. While metrics analyzing the entire GwS We make the following assumptions:

can be useful for unknown tasks [8, 37, 41], force-closure 1) Quasi-static physics (inertial terms are negligible) and

grasps are conservative for many tasks, such as lifting an  Coulomb friction with constant friction coef cient

object, as they require the grasp to be able to resist wrenches over the contact area.

that will not be applied to the object during the task. 2) Objects to be grasped are rigid with known geometry.
For unknown or complex tasks, formulating the 6D Task 3) The gripper has known geometry and two parallel jaws,

Wrench Space (TWS) ellipsoid can be complicated [26], but each with a linear-elastic material at the tips.

for simple tasks such as lifting an object, the task wrench 4) Both gripper jaws make contact simultaneously.

space can be formulated as the wrenches applied to the5) Force is applied normally to the object surface at each

surface of the object (object wrench space) or its center of  point within the contact area.

Assumptions
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