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Vision-Based Caging Grasps of Polyhedron-Like
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Abstract—Development of a flexible low-cost robotic system to
grasp various 3D workpieces is of practical important. Traditional
approaches on 3D grasping usually need to compute the effective
contact positions based on sufficient conditions, such as “force-closure” or “form-closure,” to prevent all the motions of the grasped
objects. Compared with the previous work motivated by high-precision applications, caging provides a way to manipulate an object
without needing to immobilize it. However, most caging conditions
consider only 2D motions of the object in grasping. In some cases,
other motions in 3D space, e.g., the pitch and roll rotations of the
objects, would also possibly change a caging configuration to an
uncaging configuration. This paper aims to discuss caging with
frictionless contact, by taking into consideration of all the motions
of the object. We first discuss the relationship between the gripper
configuration and the state of the grasped object in grasping, where
all the motions of the object are taken into account. We then establish the sufficient conditions to find a set of 3D caging configurations in terms of the width of the object's projection and the gap of
the gripper, such that we can utilize the projection to find the feasible placements of the pins to determine the caging configuration.
Furthermore, we discuss how to find the caging configuration that
is capable of leading to a form-closure based on attractive region
formed in the configuration space.
Note to Practitioners—The proposed method can be applied to
the grasping of 3D polyhedron-like workpieces with a binary industry gripper, for which the user needs only to know a rough
placement of the gripper, and the contact model between the pins
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and the workpieces is unnecessary. Moreover, we can find the initial caging configuration using just one single image. Several experiments witness the validity of our method.
Index Terms—Attractive region, caging configuration, industry
gripper.

I. INTRODUCTION

L

OW-COST industry grasping system calls for flexible
robotic system for 3D workpieces handling or classifying, and usually involves low-cost grippers, faster sensing,
and reliable manipulations. In literature there existed many
research efforts which addressed these problems and many
vision-based prototype systems with simple industry grippers
(e.g., a parallel-jaw gripper, a binary three-pin gripper or a
binary four-pin gripper) which were built to grasp objects in
various shapes. In one main stream, researchers focus on computing a set of contact points based on sufficient conditions,
such as the form or force closure configurations, from the
extracted object contour with the aid of vision information. Li
and Lee [1] presented an approach for handling products with
a binary three-pin gripper. They generated the initial grasp
vectors from the visual information to formulate a force closure grasp. Calisle et al. [2] developed a vision-based feeding
system, in which a three-pin pneumatic gripper reorients the
part to a desired pose. Sanz et al. [3] addressed the applications
of lettuce processing and packing of plastic parts with a parallel-jaw gripper. They defined a curvature symmetry fusion to
determine a suitable grasp by means of supervised mechanism.
Dupuis et al. [4] developed a vision-guided robotic bin-picking
system with a two-pin gripper. By generating and evaluating
a densely sampled set of grasps with the quality measure
approach, they selected the best candidate from a randomized
pile of con-rod to pick up. Morales et al. [5] designed a robotic
system to grasp non-modeled planar extruded objects with
a two- or three-pin gripper. Their analysis was focused on
certain segments that fulfill the local stability condition of low
curvature. Blake [6] presented a symmetry theory for planar
grasping by a parallel-jaw gripper; and obtained the optimal
pin positions from the pairwise intersection of the set of the
grasping configuration. Khodabandehloo [7] presented the
findings of a research program leading to the development of
a robotic system for packaging poultry portions with a simple
gripper. Hauck et al. [8] detected the grasping configuration
of an unknown object from a pair of grayscale images. The
stability of the grasping was evaluated by a heuristic algorithm
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primarily based on the skeleton of the region. Saxena et al.
[9] considered the grasping configuration as a function of the
images. Based on a set of synthetic images, they trained the
grasping function by a supervised learning algorithm. In their
experiments, a wide variety of objects, none of which were in
the train set, such as wine glasses, duct tapes and jugs, were
grasped by a two-finger gripper. Taylor et al. [10] retrieved the
geometric information from the analysis of image. Then, they
selected a more favorable grasp on the rim of the object, such
as the apparent antipodal grasps on the rim. Jang et al. [11]
proposed a representation, defined by “grasping rectangle,” to
estimate the gripper configuration (i.e., the position and the
orientation of the gripper). The grasping rectangle was the
desired location when we were about to close the gripper.
Compared with the previous work motivated by high-precision applications that require objects to be firmly grasped,
caging provides a way to manipulate an object without needing
to immobilize it. Moreover, caging makes also the frictional
model between the pins and the objects unnecessary. Kuperberg [12] originally proposed a formal definition for the caging
problem. They defined the caging set as the set of placements
of pins that prevents a polygon from moving arbitrarily from
a given position. Kriegman [13] regarded the cage as the set
of system configurations which may not immobilize the object being manipulated but prevent it from escaping to infinity.
Rimon et al. [14] proposed caging grasps for a one-parameter
two-pin gripper, where the caging set was defined as the hand
configurations which maintain the object caged or confined between the pins. Davidson et al. [15] analyzed the problem of
caging 2D objects with a three-pin gripper, and they [16] also
presented an error-tolerant visual 2D grasping strategy based
on caging grasps. Erickson et al. [17] studied the problem of
caging a convex object with a three-pin gripper, and proposed
both exact and approximate algorithms to render the caging region, assuming that two pins were fixed on the boundary of
the convex object. Vahedi and van der Stappen [18] developed
algorithms for computing all possible placements of two- and
three-pins that cage a given closed polygon bounded by edges.
When caging a polygon object with three pins, they computed
all placements of the third pin, in which the placements of two
base pins were given. Diankov et al. [19] presented the grasp
planning of a multifinger gripper by computing caging grasps
specific to the objects. They regarded a cage as the condition
where a robot hand constrains the configuration space of an
object to a finite volume. Pipattanasomporn and Sudsang [20]
worked on caging concave polygons with two pins. They presented a combinatorial algorithm to report all caging sets for two
point pins and a given concavities of planar polygons, by identifying the associated representative pin placements and critical
distances. Rodriguez [21] discussed the relationship between
the grasps and cages of a rigid 2D object with two- or three-pins.
They illustrated that some cages especially suited as waypoints
to grasp an object, that is, there is a set of configurations of the
manipulator where the object will never escape the reach of the
manipulator. Wan et al. [22] performed a grasp with three or
four pins to manipulate planar convex objects in a grasping-bycaging way, and then used eigen-shapes to fix gripper into a series of pins formations, and build a mapping between rasterized
grids in 2D space for caging 2D shapes [30]. Makita et al. [28]
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proposed two types of caging: ring-type and waist-type, which
both can be accomplished by a two-pin gripper. Zarubin et al.
[29] generated caging grasps with a realistic gripper simulation
using geodesic balls on the object's surface in order to approximate the maximal contact surface between the gripper and the
object. Fukui [31] designed a specialized end-effector for caging
manipulation of 2D shapes. Jia et al. [32] extended the caging
strategy to squeeze of deformable ringlike 2D objects.
To the best of our knowledge, most of the existing caging
manipulations mainly involve 2D motions (i.e., the translations
-plane and the rotations about axis) of the object in
on
grasping. However, for a practical application, the pitch or roll
rotation of the grasped objects in 3D space would also possibly
change the desired caging configurations, i.e., the object is possible to escape from the gripper in case of the pitch or roll rotation. Considering the above disadvantages, this paper aims to
discuss the 3D caging problem considering all the motions of
the object. We first discuss the relationship between the gripper
configuration and the state of the object in grasping, and construct the conditions to find the 3D caging configuration in terms
of the projection width of polyhedron-like objects, such that we
can utilize the projection to find the feasible placements of the
pins to determine the caging configuration for grasping the object. The proposed method guarantees that the object will always
be caged, even in case the grasped object is allowed to pitch and
roll in grasping. Therefore, given a single top-view image of the
polyhedron-like object, it can also be firmly grasped. Finally,
several experiments were conducted to validate our method.
The rest of this paper is arranged as follows. Section II introduces several useful definitions, and then the conditions for
caging polyhedron-like objects are proposed in Section III. In
Section IV, the stability analysis of the caging grasps is given
based on attractive region formed in environment. In Section V,
a grasping system is established, based on which several experiments are given to illustrate the proposed strategy.
II. TERMINOLOGY
In this section, we introduce some concepts and definitions
related to attractive region, cage, and polyhedron-like object.
In our previous works [23], the “attractive region” which
formulates the object's motion configuration space was presented. It was defined as a set of object configurations where
the grasping system could be pulled to a stable state from any
initial state under an active input.
Definition 1: (Attractive Region) [23] Given a nonlinear
system
, where is the state of the system,
and is the input to the system, if there is a function
which, for some real number
, satisfies the following
properties: for all
in the region
,l where
is one state of the system:
(a)
,
;
,
;
(b)
has continuous partial derivatives with respect to all
components of ;
(c)
.
Then, the system is stable in the region
.
The region is called “attractive region,” and
an attractive
function.
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Fig. 1. Illustration of the attractive region in the motion region of a bean under
the constraints of a bowl.

Though the formation of attractive region looks quite similar to the Lyapunov function, there are some differences between them: (a) the attractive function aims to find a input
,
which would make a system
converge to a stable
state, and the Lyapunov function is used to judge the stability
of the nonlinear system
; (b) the attractive
function
related to the attractive region must have continuous partial derivatives with respect to all components of ; and
(c) the reduction of the attractive function
can be easily
achieved by the active input of the system, e.g., the squeezing
forces of the grasping system.
We take the dynamic system to explain the concept of “attractive region.” Let us consider the example of the bean and
the bowl from the view of a dynamical system. As illustrated in
Fig. 1, if the goal is to put the bean to the bottom of the bowl,
then no matter where the initial position of the bean is, with the
gravity, it would finally reach the bottom of the bowl. In this
case, the position of the bean could be treated as the state of a
system, and the bowl as some constraints formed by environment. Under the effect of gravity, which is a state-independent
input to the system, the state would finally converge to the goal
region. In this process, it should be noted that the size of goal
region is smaller than that of the initial region, that is to say, the
uncertainty of the system is eliminated.
The grasping configuration space is determined by the pin
placements of the gripper and the geometric properties of the
objects. The attractive region presents the state of the objects in
the grasping configuration space, and it can be applied to find a
form-closure caging grasp, as to be discussed later in this paper.
Definition 2: (Cage) [12], [20] A cage is a configuration of
the gripper that bounds the mobility of the object, i.e., the object cannot be moved arbitrarily far from its original position
without at least one pin of the gripper penetrating the interior of
the object.
Caging grasps guarantee that the object travels along with
the pins as these travels to their destination. The set of caging
grasps is significantly larger than the set of form-closure grasps.
Moreover, caging grasps are considerably less sensitive to finger
misplacements.
Definition 3: (Width) [24], [25] The width of a set of points
is the minimum distance between parallel supporting lines.
It should be noted that a polyhedron-like object discussed in
this paper refers to the object that can be approximated by a
convex polyhedron. Some examples of polyhedron-like object
are given later in Section V. It should also be noted that the width
of a polyhedron-like object projection is mainly determined by
its orientation
.

Fig. 2. A polyhedron-like object needs to be grasped.

III. DETERMINATION OF CAGING CONFIGURATIONS
This section focuses on the caging condition for the polyhedron-like workpieces. We first discuss the possible contact states
between the object and the pins, and analyze the gripper configuration and the object state in grasping. Then, we give the caging
conditions of a 3D object based on the width of the object's projection and the gap of the gripper.
We first make the following assumptions:
1) The polyhedron-like object to be grasped lies on a horizontal plane initially.
2) Two face-to-face pins of the gripper squeeze and stop simultaneously.
In Fig. 2, a polyhedron-like workpiece is grasped by the
four-pin gripper, in which is at the center of the griper's base
axis
plane, axis is perpendicular to the gripper's palm,
and point
passes through the gripper's center and point
, axis, axis, and axis are orthogonal to each other and
satisfy the right-hand rule. Pins 1 and 3 are on the -plane, and
pins 2 and 4 are on the -plane. Assumption 2 implies that the
distance from pin1 to gripper zero equals to the distance from
pin 3 to gripper zero, and the distance from pin 2 to gripper
zero equals to the distance from pin 4 to gripper zero.
When the four pins squeeze is applied, the grasped object is
able to rotate around the axis and axis or translate on the
-plane. Consequently, the object possibly escapes from the
gaps between the neighboring pins, e.g., pins 1 and 2, even it is
initially caged.
When the object is grasped by the four-pin gripper, each
single pin may touch an edge, a convex smooth face, a flat face,
a concave smooth face or corner faces of the object. Thus, the
contact element could be one point, one line, two lines or one
point and one line, as illustrated by Fig. 3. In the frictionless
cases, the contact force on the object is perpendicular to the pin
and:
• for single-point contact mode, perpendicular to the edge or
the tangent plane of the object at a contact point;
• for single-line contact mode, perpendicular to the tangent
surface passing through the contact line;
• for two-element contact mode, can be any direction between the normal directions of two contacts.
For other contact modes, such as pin touching the object at
multiple collinear points, pin touching the object at multiple
points on parallel lines and pin touching the object at a cylindrical surface, the frictionless contact force between the pin and
the object can be categorized into three modes as stated above.
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Fig. 3. The possible contact modes between the gripper pin and the object, in
which denote the contact forces.
Fig. 6. The width of the convex polygon.

Fig. 4. Two pins contact the object.

grasp, which only need rough placements of the pins, is possibly a good choice for the grasps of a 3D object for a binary
industrial gripper.
In the following, we would first discuss the caging conditions
for a polyhedral object, for which all possible motions are considered. Then, we generalize the conditions to polyhedron-like
object cage.
A. Caging a Polyhedral Object

Fig. 5. Three pins contact the object.

In the frictional cases, the contact force between the pin and the
object is restricted in the friction cone of the plane that passes
the contact normal along the direction parallel to pin. Based on
the three contact modes and contact-force analyses, the grasping
modes of the gripper and the corresponding object's state are discussed as follows.
Without loss of generality, suppose that the grasped object,
denoted by , is initially placed at a flat plane . Denoted by
the orthographic projection of the object on the flat plane.
1) Case a) No Pins or Only One Pin Contact the Object: In
this case, the projection of the object remains unchanged, while
the gap between the pins decreases. Hence, the object is still
caged.
2) Case b) Two Pins Contact the Object: As shown in Fig. 4,
(
, 3, 4) are the contact forces. The object is possible to
rotate around axis or axis as the lines of action of the contact
forces ( and in Fig. 4(a), and in Fig. 4(b)) do not lie in
plane. Also, the projection of
the same line on the - or the
the object would be changed. It should be noted that the rotations
of the object around axis or the motions on the -plane will
not change the project width of the object.
3) Case c) More Than Three Pins Contact the Object: As
are the contact vector between
shown in Fig. 5, , , and
the pins and the object, so the object is possible to rotate around
axis and axis, if not all the lines of action of the contact
and ) lie in the same plane.
vectors ( ,
It is difficult to predict the motion of the 3D object in
grasping, because it is difficult to analyze the contact forces
or the pins position of the binary industrial gripper. A caging

This section will discuss the condition of caging the polyhebe the projecdral objects. Let be a polyhedral object, and
tion polygon on plane . We first give the following definition.
Definition 4: (Width of projection) The width of a polyhe, is the minimum distance bedron projection, denoted by
tween two parallel supporting lines of .
and
Fig. 6 shows the width of a polygon, where lines
are two parallel supporting lines of the polygon. A detailed
process to get the width of a polygon is given in Appendix I-C.
Lemma 1: A polygon is caged by the four-pin gripper, if the
following condition is satisfied:
(1)
is the minimum distance between two neighboring
where
is the width of the polygon.
pins,
Proof: Suppose that the polygon has vertices. Denote
(
a pair of parallel supporting lines of the polygon by
), where is a supporting line passing through th edge
is a parallel supporting line of
and passing through a
,
vertex.
The width of a polygon is the minimum distance of pairs
parallel supporting lines, i.e.,
(2)
As we can obtain
(3)
where
and
are a pair of parallel supporting lines, which
or
.
parallels to the line
Thus, we obtain from (1) to (3)
(4)
, any pose of the polygon cannot pass
Therefore, if
through the slits of the neighboring pins, which means the object
is caged in the configuration space obstacle caused by the four
pins.
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Fig. 7. Two pins contact the polyhedral object.

Fig. 8. The projection of the object is caged by the four pins. (a) The initial
caging configuration. (b) The new caging configuration while the object is rotated around axis.

In Lemma 1, we give a condition to determine the caging
, defined by the
configuration based on the polygon's width
minimum distance of the supporting lines. The computation of
the polygon's width (similar to the “diameter function” used in
[26]) involves only the geometry of the polygon.
Obviously, if every projection of the object is caged, the object should also be caged. Next, we discuss how to cage every
projections of the object.
Fig. 7 shows the case where two pins contact the object and
the object is able to rotate around axis because the lines of
action of the contact forces do not coincide with each other.
In Fig. 8, the projection of the object will change from
Fig. 8(a) to (b) under the forces of pins 2 and 4, where
(
, 2, 3, 4) denotes the gap between pins and ,
is
the projection's width, and denotes the th projection.
If both pins 1 and 3 contact the object, but pins 2 and 4 do
not, then the polyhedron is able to rotate around axis because
the lines of action of the two contact vectors do not lie on same
and the gap beplane. Denoting the projection width by
as illustrated by Fig. 8(a),
tween pins 1 and 2 by
the initial projection is then caged by the four pins because
.
Suppose the projection changes from Fig. 8(a) to (b), imto
,
plying that the width of the projection changes from
to
and the gap between pins 1 and 2 decreases from
along with the projection change. Then, if

5

Fig. 9. Four pins contact the polyhedral object.

Fig. 10. Simulation of the projection width of the polyhedron.

the new projection is also caged by the four pins.
If the four pins contact the object, as shown in Fig. 9, the
object is able to rotate around axis and axis because the
lines of action of the four contact vectors, i.e., , , and ,
do not lie on a same plane.
Along with the rotation of the object, its width will also
change due to the change of the projection on the -plane. In
general, the width of the convex polyhedron's projection is a
(as discussed in
continuous function with respect to
Appendix I), formulated as
(5)
Fig. 10 illustrates the change of the width of the projection
, where the vertices of the polyhedron
with respect to
(shown in Fig. 9) are

The gap
between two neighboring pins is a continuous
and can be expressed by (6)–(8). In (7),
function on
denotes the and
at which, with fixed
and ,
is minimized. In (8),
is the gap between the two
and
, where
(
, 2, 3, 4) is the
neighboring pins
pin, is the motion of the projection along
position of the
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Fig. 11. Illustration of the gaps of the gripper.

Fig. 13. The feasible caging region.

Denoting by
the orientation of the object, and
the
the width of the object, and
the
projection of the object,
gaps of the gripper, the projection polygon of the polyhedron is
caged, if

We can then obtain:
Lemma 2: The polyhedron is caged by the four-pin gripper,
if
Fig. 12. The simulation of

on

(10)

.

axis, and is the rotation angle of the projection above axis.
is the maximum of
.
As indicated by (6)–(8),
between two neighboring pins is a continuous
The gap
and can be expressed by
function with respect to
(6)
where
(7)
(8)
(
, 2, 3, 4) the distance between the
Denoting by
th pin and the gripper zero, i.e., point , it should be noted that
the statements “the distance from pin 1 to gripper zero equals
to the distance from pin 3 to gripper zero and the distance from
pin 2 to gripper zero equals to the distance from pin 4 to gripper
zero” means that
(9)
Fig. 11 shows the projection of the polyhedron (given by
Fig. 9) on the -plane of the gripper's frame, where is the
is the center of
coordinate origin of the gripper's frame, and
the projection.
When the polyhedron rotates around axis and axis, the gap
between the neighboring pins also changes. Fig. 12 illustrates
with respect to
.
the changes of

and
are given by (5) and (6), respectively.
where
with respect to
Remark 1: The simulation of
is illustrated by Fig. 13, in which a point above the zero implies
is larger than
. Denoting by
the
that
projection corresponding to the initial roll angle and
the pitch angle, if
is caged, then any motion of the object in
3D space cannot escape the object from the gripper.
It should also be noted that for a point beneath the zero, some
pitch and roll rotations of the object may make the object escape
from the gripper, even the projection corresponding to the initial
, is caged.
roll angle and pitch angle, denoted by
We can detect a feasible caging configuration that satisfies

as illustrated by Fig. 13.
We can also get a more strict caging condition as follows.
Let
(11)
and
(12)
Then, we can obtain the following:
Proposition 1: Given a bowl-like region, the polyhedron-like
object can be caged by the four-pin gripper, if the following
condition is satisfied:
(13)
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Fig. 14. The feasible caging region of a gear, where the region up the zero
represents a feasible caging configuration. (a) Picture of the gear. (b) Its convex
hull. (c) The feasible caging configuration should be found on the region that
.
satisfies

where
and
are defined by (11) and (12),
respectively.
Remark 2: According to proposition 1, if an initial caging
configuration satisfies (13), the object can be certainly caged in
the grasping.
For a geometry-known polyhedron, the width of the
projection and the gaps of the gripper in grasping can be
computed in a offline manner. So, the caging grasp can be
straightforwardly calculated once the initial orientation of the
object is obtained.
B. Caging a Polyhedron-Like Object
For a polyhedron-like object, it is possible to construct its
3D convex hull by some classic algorithms, such as quick hull
algorithm [27]. Therefore, it is able to build the initial caging
configuration similar to the case of polyhedral object.
Some examples of building the caging regions for a gear and
a workpiece, which are available at http://www-roc.inria.fr/, are
given as follows.
Fig. 14(a) shows the initial pose of the gear on a support
plane, Fig. 14(b) shows its convex hull, and Fig. 14(c) shows
the feasible caging region.
Fig. 15(a) shows the initial pose of the workpiece on a support
plane, Fig. 15(b) shows its convex hull, and Fig. 15(c) shows the
feasible caging region.
Remark 3: We can also find the initial caging configuration in
Fig. 14(c), where a point above the zero implies that
is larger than
. Hence, the workpiece will be caged
by the four pins if the projection corresponding to the initial roll
angle and pitch angle of the object is caged. Thus, the pitch and

7

Fig. 15. The feasible caging region of the workpiece. (a) Picture of the object.
(b) Its convex hull. (c) The feasible caging configuration should be found on the
.
region that satisfies

roll rotations of the object in 3D space cannot make it escape
from the gripper.
Taking Fig. 15(c) as an example, below we discuss the
method to find the initial caging configuration with the condi.
tion
In Fig. 16(a), we select a point above the zero [whose roll
) and pitch angle is (
)], making
angle is (
satisfied, and Fig. 16(b) shows
the condition
the projection of the object corresponding to (
,
). Then, we can find a caging configuration of the four
pins, marked by the four red points in Fig. 16(b), to cage the
projection.
Once the initial caging configuration is obtained from the projection of the object, the object should always be caged even
it has translation or rotation in 3D space. On the other hand,
Fig. 16(b) gives only one initial caging configuration of the object, and obviously there also exist some other gripper configurations that can cage the projection. The possible caging configurations of the gripper for the projection are discussed as
follows.
is the projection frame built on the center
Assume that
is the frame built on the gripper, as
of the projection, and
illustrated in Fig. 17.
to determine the feasible
We define a function
caging configuration, as given below

otherwise

(14)

denotes the inner region of the polygon,
(
,
where
2, 3, 4) are the position of the four pins, is the center of the
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TABLE I
DETECT THE CAGING CONFIGURATION

Fig. 16. The projection is caged by the four-pin gripper. (a) A point above the
zero relates to a caging configuration. (b) A caging configuration of the four
pins for caging the projection.
Fig. 18. The simulation of

.

IV. STABILITY ANALYSIS OF THE GRASP

Fig. 17. The projection frame and gripper frame.

gripper, is the angle between the axis and axis,
is the
is the width of the projection.
gap of the gripper, and
means that projection
It should be noted that
is caged by the gripper. The algorithm to detect the feasible
caging configuration is given as listed in Table I.
Though it is capable to find the initial caging configuration
of a polyhedron-like 3D object from its projection, as described
in Section II, a caging grasp, which means the object also possibly move inside the gripper, cannot always be a form-closure
grasp (a form-closure grasp which means the grasped object has
been fully constrained). In the next section, we will discuss in
detail under what condition a caging grasp can be a form-closure grasp.

In Section III, the generation of caging configuration is discussed based on the relationship between the projection width
of the grasped object and the gap of the gripper. In this section,
stability of the grasping, meaning that the object is caged by the
four-pin gripper, is discussed based on “attractive region.”
A. Construction of the Attractive Region
An attractive function related to the four-pin gripper and the
3D polyhedron-like object is first constructed. Then, the stability of the caging grasp is investigated based on the attractive
function.
As discussed in Appendix I-B, we can take the gap function
in (6) as an attractive function, which is a continuous function
with respect to
.
Below the motion range of a polyhedron described by the
special function
under the constraints of the four pins is
presented. Some bowl-like regions in the configuration space
can be found as illustrated in Fig. 18. Each of these bowl-like
regions can be regarded as an attractive region.
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Fig. 19. The relationship between a point on the attractive region and the contact state of gripper and object.

As shown in Fig. 18, there are some attractive regions in the
configuration space. In the grasping process, a point, which represents a state of the grasped object, on the attractive region can
be “pushed” along a “path” to decrease the attractive function.
Finally, the state of the point can be pushed to the bottom of the
attractive region which corresponds to the minimum of its potential energy. Therefore, the contact state at the bottom of the
attractive region corresponds to a form-closure grasp (where the
translation along axis is prevented by the frictional force).
The relationship between the state of the object and the attractive region is illustrated by Fig. 19. Each point inside the
region but not on the boundary corresponds to a grasp configuration without contact points, and each point on the boundary
corresponds to a grasp configuration with contact points.
B. Detection of the Caging Configuration That is Able to Lead
to a Form-Closure Grasp
Since a point in the attractive region can be “pushed” to the
bottom of the attractive region, a next question is how to find
the initial cage on the attractive region.
When grasping the workpiece like the one shown in Fig. 15,
the feasible caging configuration is given by Fig. 20(a), and the
attractive region that the object can be grasped to a form-closure state is shown by Fig. 20(b). The reason that the caging
grasp will lead to a fore closure grasp is due to the fact that
the object cannot be able to escape from the gripper when we
close the gripper jaw. In the proposed caging grasp algorithm,
all possible motions of the object in grasping are taken into consideration when computing the caging region. That is, the object is always caged by the gripper jaws. Meanwhile, the object-gripper system will finally approach to the “minimum energy,” i.e., the minimum of the attractive region, which corresponds to a force-closure grasp. Thus, a force closure is obtainable by just closing the gripper jaws.
The initial caging configuration, which ensures the object
cannot escape from the gripper, can be picked out based on
Fig. 20(a). If the initial caging configuration also locates in an attractive region, as shown in Fig. 20(b), the object can be pushed
to a form closure. Point-a in Fig. 20(a) represents a caging configuration, and point-b in Fig. 20(b) is the corresponding point

Fig. 20. The initial caging configuration and the corresponding attractive region, where point-a and point-b are related to same pitch angle and roll angle
of the object. (a) Point-a is on the feasible caging region. (b) Point-b is on an
attractive region.

on the attractive function. As point-b is on the boundary of an
attractive region, the caging will lead to a form-closure grasp.
Thus, we can establish the contact points on the object surface from the 2D image. At the positioning stage, the position
of the object can be rapidly identified from a single image, and
at pregrasping stage, an initial caging configuration is computed
from the contour. Below by two workpieces we give some experiments to demonstrate the vision based caging grasps.
V. VISION-BASED CAGING GRASP
A grasping workcell prototype with a pneumatic four-pin
gripper is developed for picking the polyhedron-like workpiece
from a worktable. As shown in Fig. 21, it consists of three main
parts: a six-DoFs industrial robot, a four-finger gripper and 2D
vision system. The vision system is composed of a PC and a
color CCD camera with 704 576 pixels.
Based on the strategies introduced in Section IV, the steps of
image-based strategy for finding the initial caging configuration
of two real polyhedron-like objects are given as follows. In the
two practical experiments, the search space is composed of 50
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Fig. 21. The whole grasping system.

data (the rotation angle above axis), 50
data (the rotation angle above axis), 20 data (the rotation angle above
axis), 20 data (the translation along axis), and the number of
the vertex of the object's convex hull. It total needs 59.0542 s in
computation of the caging region for the nut (which has 24 vertices) and 391.8579 s for the piston (which has 594 vertices) by
a personal computer with 2.27 GHz CPU and 4.0GB RAM.
The 3D model of a piston and its convex hull are shown in
Fig. 22(a), based on which the feasible caging region and the
attractive region are computed, as shown in Fig. 22(b) and (c),
respectively. From Fig. 22(b), we can know that the caging condition,
, is satisfied for each
.
In the left picture of Fig. 22(d), the real picture of the piston
is taken from the camera. The state of the piston with the orientation
is within the caging region; hence, we can calculate the contour of the piston and detect the initial caging region from the contour shown in right picture, where the four red
points represent the four pins of the gripper.
The whole caging grasping process is demonstrated in
Fig. 23. We initially move the gripper above the piston, as
shown in Fig. 23(a), and then adjust the gripper to the precomputed caging configuration, as in Fig. 23(b). Even the pose of
the piston is changed as the piston moves toward the right in
Fig. 23(b) and toward the left in Fig. 23(c), the piston is always
caged. Thus, the piston can be finally held to a stable state, as
shown in Fig. 23(d).
The 3D model of a nut and its width are shown in
Fig. 24(a) and (b), based on which the attractive region
and the feasible caging region are computed, as shown in
Fig. 24(c) and (d), respectively.
In the left picture of the Fig. 24(e), the real picture of the
piston is taken from the camera. The state of the piston with
the orientation
is within the caging region; hence, we
can calculate the contour of the nut and detect the initial caging
region from the contour shown in right picture, where the four
red points represent the four pins of the gripper.
It should be noted that the width surface of the nut is shown in
Fig. 24(b), which is smaller than the corresponding gap shown
in Fig. 24(c), since a few points are above 0 in Fig. 24(d). If

Fig. 22. Find the initial caging configuration of the piston. (a) The 3D model
of a workpiece and its convex hull. (b) Simulation of the feasible caging region.
(c) Simulation of the attractive region. (d) The initial caging grasp detected from
the contour of the picture.

we can independently control the pins of the gripper, the gaps
between the two neighboring pins should obviously decrease.
That is, the surface shown in Fig. 24(d) will not be so flat. Thus,
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Fig. 23. Caging grasping of a piston. (a) Move the gripper above the piston.
(b) Adjust the gripper to the precomputed caging configuration. (c) The piston
is always caged even its pose is changed. (d) The piston is finally held to a stable
state.

we can find more caging configurations that are suitable for
grasping the object.
The whole caging grasping process is demonstrated in
Fig. 25. We initially move the gripper above the nut as shown
in Fig. 25(a), and then adjust the gripper to the precomputed
caging configuration as in Fig. 25(b). Even the pose of the nut
is changed by anticlockwise rotation from Fig. 25(b) to (c), the
nut is always caged. Thus, the nut can be finally held to a stable
state, as shown in Fig. 25(d).
VI. CONCLUSION AND FUTURE WORK
In this paper, we addressed the issue of grasping 3D polyhedron-like object with a binary four-pin gripper based on the
information of a 2D image. We first discuss the relationship between the gripper configuration and the state of an object in
grasping, and then construct the conditions to find the 3D caging
configuration in terms of the width of the object, and finally utilize the projection to find the feasible placements of the pins to
determine the caging configuration for grasping of the object.

Fig. 24. Find the initial caging configuration of a nut. (a) The 3D model of the
nut and its convex hull. (b) Simulation of the width of the nut. (c) Simulation of
the feasible caging region. (d) Simulation of the attractive region. (e) The initial
caging grasp detected from the contour of the picture.

The proposed method ensures the object can be always caged
even the grasped object is allowed to pitch and roll in grasping.
Thus, we can establish the contact points on the object surface
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Since the object can be approximated by a polyhedron, we
can get

where
is the distance between and .
When the object is rotated with small angles
and
we suppose:
a)
is still on the boundary of
Thus, is on the edge , so, we can obtain

,

where
is the distance between and .
b)
is not on the boundary of
.
We assume that a set in the surface
is a neighborhood
of the point , a set in the projection
is a neighborhood of
the point . Let point
denoting a point on the boundary
of
. Let
denoting the projection of . Because
is a
polyhedral surface, is at the nearby of , i.e.,
. One
can obtain

The width, which can be described by the distance of the two
points on parallel supporting lines, satisfies

Thus, the width is continuous with respect to
Fig. 25. Caging grasping of a nut. (a) Move the gripper above the nut.
(b) Adjust the gripper to the precomputed caging configuration. (c) The nut is
always caged even its pose is changed by anticlockwise rotation. (d) The nut
is finally held to a stable state.

based a 2D image. At the positioning stage, the position of the
object can be rapidly identified from a single image, and at the
pre-grasping stage, an initial cage grasp configuration is computed from the contour. The caging method makes the grasping
error tolerant and insensitive to position uncertainty.
In this paper, we mainly discuss several workpieces that are
able to be approximated by convex polyhedrons. The general
geometric conditions of the polyhedron-like workpieces are not
well described. In our future work, we are to investigate what
kind of workpieces can be approximated by the convex hull and
can be then caged by the binary industrial gripper.
APPENDIX I
A. The Property of Projection Width
of a polyhedron-like object is a
Property 1: The width
continuous function with respect to
.
Remark: Assume that
(
, 2) is a point on the boundary
of the surface
and its projection (
, 2) is on the edge
. If the object is rotated around the axis and the axis with
angle
and
,
and change to
and (
, 2),
respectively.

and

.

B. Properties of the Attractive Function
defined by (6)–(9) are given as
Two properties of
follows.
Property 2 (Continuity):
designed in the (6)–(9) is continuous with respect to all components of respectively.
Remark: Intuitively, the change of will not change any
property of the projection of the objects, and we can denote the
attractive function by
.
As we know

maps the relationship between the state of the object and the
state of the projection, which is uniformly continuous.
(a) Consider the variables , and .
Denote by
and
the pre-movement
and post-movement outer points. There are two situations.
In the first situation, the object rotates around the axis
by and then move along some direction, say
. Then, one can obtain that
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in the gripper coordinate frame.
Fig. 27. Computation of the parallel supporting lines and the polygon's width.

In the second situation, the object move along some direction, denoted by
, and then rotates
around the axis by . Then, one can obtain that

From both expressions (2) and (3), it is obvious to get that
. Thus,
is continuous with
respect to , and .
(b) In case of the object rotating around axis and axis with
the rotational angle
and
, the
is continuous
with respect to
and . The analysis is similar to the
discussion of Appendix I-A.
Therefore, the function
is continuous with respect to all
components of , respectively.
Next, we discuss the monotonicity property of the
,
which describes the distance of the gripper when grasping the
3D object.
Property 3 (Monotonicity): In the grasping process,
is satisfied, if the object is caged by the gripper.
Remark: Suppose
is the position of the
pin of
the gripper. (
, 2, 3, 4) is the intersection point of the
projection polygon and the coordinate axes. Denoting by
the distance of the
pin to the center , and by
the center
of the four points . The origin of gripper is initially built at the
center of the projection polygon.
As shown in Fig. 26, when pin touches the object, we can
obtain

It can be also shown that is a continuous function of the
state of object, as discussed in property 2.
When the squeeze force is applied on the object,
decreases until the object penetrates some of the pins. That is, if
the object is caged by the gripper, we can obtain

Therefore,
is satisfied in a caging grasping
process.
Consequently, we can define
as an attractive function
in the configuration space.
C. Computation of the Width of a Convex Polygon
The detailed process to get the width of a convex polygon is
illustrated by the following Fig. 27, where and
denote two

parallel supporting lines, and
polygon's extreme points in
the direction, and
and
the directions of rotation.
The algorithm is given as follows [33]:
Step 1) Compute the polygon's extreme points in the direction, denoted by
and
.
Step 2) Construct two horizontal supporting lines through
and
. If one (or both) of the lines coincide with an edge, then an anti-podal vertex-edge or
edge-edge pair has already been determined. In this
case, the distance between the lines is calculated as
the minimum.
Step 3) Rotate the lines until one matches exactly with an
edge of the polygon.
Step 4) A new anti-podal vertex-edge pair (or edge-edge pair
in case both lines coincide with edges) is determined. Compute the new distance between the lines,
and update the minimum if the distance is smaller
than the old one.
Step 5) Repeat steps 3 and 4 until the supporting lines reach
their original horizontal position.
Step 6) Output the pair(s) producing the minimum as the
width determining pair(s).
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