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This paper presents a brief survey of robotic caging and its applications. Caging is a kind of grasping
methods, which can be accomplished geometrically by position-controlled robotic agents, and has
advantages over conventional manipulation which requires to fulfill mechanical conditions. Due to the
advantages, caging was extensively studied and applied in robotics. This paper reviews the robotic
literature related to caging ranging from its historical background, state-of-the-art developments, to
practical applications. It provides our insights on some open problems and promising research and
application directions. We hope the paper could help researchers quickly catch the strength and
limitations of caging, and make impacting contributions to the research community.
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1. Introduction

Caging is a kind of grasping methods, which can be applicable to various tasks that need cap-
turing, ranging from pregrasping by robotic fingers to formation-controlled transport by mobile
robots. The difference from conventional grasping [1, 2] is that caging is assumed to be accom-
plished by position-controlled robots without considering mechanical properties like contacts
and forces. This merit relaxes robot control during manipulation.

The original concept of caging was raised by Kuperberg as a problem of finding a formation
of points that prevented a polygon from moving arbitrarily far from its original position in the
planar space [3]. This concept was further discussed in [4] from the viewpoint of mathematics,
where problems related to caging were treated as holding problems. Discussions about holding
problems existed long before the concept of caging. One early study was done by Besicovitch [5]
who discussed the conditions that allow a net of inextensible strings to enclose a sphere and stop
it from slipping out. A similar study was performed by Croft [6] who not only considered about
the condition, but also discussed the minimum length of the holding net. The problem of holding
an unit sphere using a polyhedron was studied [7], where the difference from a net was that the
edges were undeformable line segments. A similar problem was discussed by Sphephard [8]. More
generally, Zamfirescu [9] and Fruchard [10] studied the problem of holding convex bodies like
triangular pyramids [11]. These studies were all about the caging problems outside robotics.

The seminal work that introduced caging into robotics was done by Rimon et al. [12]. The
merits of caging made it a compelling tool to deal with uncertainties in robotics, which induced
researchers to apply caging to multi-finger pregrasping [13], and multi-robot cooperative trans-
port [14]. In the field of robotic grasping, caging can be regarded as the extension of form closure
[15], where an object caged by fingers is allowed to move within a closed region, instead of being
firmly grasped. Likewise, in multi-robot cooperative transport, an object caged by mobile robots

*Corresponding author. Email: wan-weiwei@aist.go.jp



August 18, 2017

Advanced Robotics document

can move within a closed region without interfering with robot bodies. The closed region adds
flexibility to conventional methods and empowers caging the ability to deal with uncertainty.
When the closed region shrinks as the finger formation or the mobile robot formation changes,
the object converges to a certain position and orientation. This converged situation is known as
immobilization [16] or immobilizing grasps [13, 17].

This paper presents a survey of robotic caging and its applications. It starts the discussion
from static grasping, studies the relationship between caging and static grasping, and orga-
nizes the review of caging considering the relationship. Particularly the paper summarizes an
overview of the studies related to caging ranging from its historical background, state-of-the-art
developments, to practical applications, and provides our insights on some open problems and
promising research and application directions. In Section 2, we discuss the relationship between
grasping and caging. Section 3 summarizes previous work related to algorithmic caging with fo-
cus on different dimensions are summarized. Section 4 introduces various practical applications
of caging performed in the real world, including grasping, manipulation, and multi-robot cooper-
ative transport. Section 5 presents the open problems of caging and possible future applications.

2. Caging and Grasping

Known with much literature such as [1, 2, 18], the goal of robotic grasping problems are to deter-
mine contact points between a target object and robot fingers where satisfying force equilibrium
could be applied to the target body. The analysis is performed in wrench space and is phrased
as form closure, force closure, and fixturing. Form and force closures were extensively studied in
mechanics and design of machines [19]. The concepts were initially discussed in robotic grasping
by [20], and had been followed by many robotic researchers [21-23]. In form closure grasps, which
was firstly introduced to robotics research by [20], contact wrenches (forces and torques) exerted
by robots along surface normals are analyzed to generate firm grasp formation. In force closure
grasps, similar contact wrenches exerted by robots are considered, but the applied wrenches
could be in arbitrary magnitude and direction. Since there are no essential differences in the
problems on “closure”, some studies notably [24, 25] used the term of “force closure” as “form
closure”, as pointed by [15]. We differentiate form closure and force closure by friction forces.
Form closure only considers the normal forces on contact points. In contrast, force closure con-
siders both the normal forces and friction forces. Rimon et al. [26][27] initially pointed out that
the early form closure theory failed to take into account object’s surface curvature. The early
form closure theory required 4 contact points on 2D polygons, which was beyond our intuition
(the intuitive number is 3). Based on the discovery, Rimon et al. proposed the concept of 2nd-
order form closure and 2nd-order immobility (see also [16]). He pointed out that immobilization
was essentially performed based on geometrical constraint where any local motion of the target
object should be prevented by the rigidity of the object and the robots [28]. Together with Blake,
Rimon [12][13] published the work on caging a planar concave object by using two robotic fin-
gertips, which was recognized as the seminal study on robotic caging. In the work, Rimon et al.
considered immobilization grasp and puncture points for the target object. Immobilization grasp
is a subset of the equilibrium grasps considering 2nd-order immobility, which ensures that the
object can be grasped with fewer fingers than form closure grasps. Puncture points compose a
subset of immobilization grasps, which represents a boundary of set of caging. The 2nd-order
immobility was thoroughly discussed in [29, 30], and was expanded for immobilization of 3D
objects in [31].

In this paper, we view force closure and immobilization as the results of analysis in different
spaces. Force closure is done in wrench space where the goal is to ensure the convex hull formed
by wrenches encloses the origin of the space. Although wrench space simplifies the analysis of
force closure, it cannot take into account the curvature of object’s surface (Fig.1). Wrench space
analysis only meets the definition of early form and force closure theories. It is 1st order analysis
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and requires redundant fingers to grasp. On the other hand, immobilization is essentially done
in the configuration space of object [32], where the object is constrained to a single point at if
it was immobilized. Analyzing in the configuration space of object relaxes the early definition of
form closure. If an object has outward-bending 2nd-order surface curvature at contact points, it
would be constrained into a single point in the configuration space of object, and is immobilized
(Fig.2). A interesting discussion about immobilization could be found in [33], where Stappen et
al. computed all form closure grasps and immobilization grasps of a polygonal part with suit-
able number of frictionless pointed fingers [34]. Immobilization is a key to bridge form closure
and caging theories. Sudsang et al. presented algorithms for immobilizing a 3D object by using
several contact points and a plane [35], and also algorithms for immobilizing a planar object by
using disc shaped robots [14, 36]. The algorithms were applied to in-hand manipulation in [37].
Gopalakrishnan et al. [38] studied grasping a planar deformable object by two fingertips consid-
ering its model of elasticity and potential energy. As a result of deformation, the shape of the
gripped object became concave, and the grasps for the deformed object, which was called deform
closure, looked more similar to caging instead of immobilizing. The same authors also proposed
contracting and expanding v-grip, where a parallel jaw gripper was planned to grip a polyhedron
at its concave sections [39]. The contracting v-grip was equivalent to planar immobilizing grasp
using a two-fingered hand [13], which is also called as squeezing caging [40]. The expanding v-grip
was equivalent to the concept of dispersion caging presented in [41, 42] or stretching caging in
[43].
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Figure 1. Curvatures of contact points. The contact points in (a) have negative 2nd-order surface curvature. Its contact
surfaces are bending inward the contact tangent lines. The object is neither in form closure nor 2nd-order form closure.
The contacts in (b.1), (b.2), and (b.3) have zero or positive 2nd-order surface curvature. Their contact surfaces are along
or bending outward the contact tangent lines. They are not form closure but fulfill the requirements of 2nd form closure.
The objects are immobilized.
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Figure 2. Details of Fig.1(b.3). In wrench space, the wrenches of Fig.1(b.3) form a planar polygon, which doesn’t enclose the
origin. It is not in form closure. In configuration space, the object is constrained to a single configuration. It is immobilized.

Caging is the expansion of immobilization, which could also be analyzed in configuration space.
Fig.3 shows the relationship between immobilization and caging. At immobilization state, the
object is constrained to a single configuration in configuration space. As the fingers retract from
the contact surface, the single configuration expands into a subspace, allowing the object to
move inside a caged area. If the retraction is too large, cages break. The constrained subspace
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(the block separated from the surrounding obstacles) in Fig.3(b) and (c) correspond to closed
regions in workspace where the object could move inside but could not escape out of. The closed
region adds flexibility to conventional methods and empowers caging the ability to deal with
uncertainty.

Note that although caging is the expansion of immobilization, the robotic agents of cages are
not limited to fingers. It could be mobile robots, environmental obstacles, tools, etc.
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Figure 3. The relationship between immobilization and caging. They are both analyzed in Configuration space. (a) At
immobilization state, the object is constrained to a single configuration in configuration space. (b, ¢) As the fingers retract
from the contact surface, the single configuration expands into a subspace, allowing the object to move inside a caged area.
(d) If the retraction is too large, cages break.

Following the description, immobilization and caging can be formally defined as follows.
Suppose Cireeobj € R™ denotes a configuration subspace in which the object is allowed to
move freely, Cueeint € R™ denotes a configuration subspace that includes a point at infinity,
don; € R™ denotes a pose of an object in work space, n and m denote the number of dimen-
sion of work space and its corresponding configuration space respectively, that is, m = 3 when
n = 2, and m = 6 when n = 3. When Cgeeobj = Qobis the object is immobilized. When
(Cfree_obj 7& qobj) N (Cfree_obj 7é (Z)) N (Cfree_obj N Cfree_inf 7& ®)7 the ObjeCt is Caged [44]

A simple form of caging is envelope caging, where redundant number of agents constrain a
target object by enveloping it [45][46]. Since the number of agents are redundant, envelope caging
looks like real cages or fences, and the caged object may rotate freely inside the fence. In contrast
to envelope caging with redundantr number of agents, using non-redundant number of agents to
cage is complicated. For example, two agents could only cage objects with concavities, although
it was already solved decades ago [12]. Three-agent caging is still an unsolved problem. Only
some variations with reduced degree of freedoms or special shapes of objects would be tackled
[13, 47, 48]. Caging using more than three robotic agents is similar to three-agent caging, and
could only be solved partially [42, 49]. Note that the condition to judge caging is applicable to
any robots and objects in 2D work space. It is the most intuitive way to judge a cage in 2D work
space. In 3D work space, the caging problems are complicated. We will review the developed
algorithms in state-of-the-art literature to solve the problems of caging using redundant and
non-redundant number of agents in both 2D and 3D work spaces in next section, and discuss
about the open problems in Section 5.1.
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As a summary of this section, the relationship between force closure to caging is:

frictionless curvature

Force closure Form closure ———— 2nd-order Form closure

con figuration space non-single configuration

Immobilization

(1)

Caging

3. Algorithmic Caging

The goal of caging algorithms is to solve two problems: (1) Caging test: Given a formation of
robotic agents and an object, decide whether the formation can cage the object. (2) Finding
caging sets: Given an object and some robotic agents, find some configuration sets where the
robotic agents cage the object. In most studies, the two problems are not differentiated. We
therefore review them together, and divide the contents of this section according to the agents
and the dimensions of target objects, instead of the two problems.

3.1 2D and 2.5D Caging

This section gives an overview of planar caging and its theoretical approaches. It includes the
studies related to both 2D and 2.5D caging. 2.5D refers to a surface which is a projection of a
plane into 3rd dimension. The object is 3-dimensional, but there are no overhanging elements
possible. 2.5D objects are often represented by a contour map that gives the height of the object
at each point. 2.5D caging means “planar caging practically performed by robotic systems in
the three-dimensional real space”. Its related algorithms follow the same principle as 2D objects
and we review it together with the algorithms of 2D caging.

The literature of this section is organized based on the following classification. For two-agent
and three-agent caging, the number of agents is non-redundant. For the others, the number
of agents could be either redundant or non-redundant. Fig.4 exemplifies these problems with
examples.

e Two-agent caging

Three-agent caging

Caging by more than three agents
Caging with environments
Incomplete caging

o
(2) ®) © @ o o © ®

Gravity

Figure 4. Classification of the caging problems: (a) Two-agent caging. (b) 2.5D three-agent caging. (c¢) Caging by more
than three agents (non-redundant). (d) Caging by more than three agents (redundant). (e) Caging with environments (f)
Incomplete caging.

Two-agent caging: Two-agent caging is the basic problem of caging. As mentioned in the
previous section, the work of Rimon et al. [12, 13] was the initial study on robotic caging algo-
rithms. It formulated the two-finger caging problem and solved the problem using immobilizing
grasps and puncture grasps. Using Morse theory, Rimon et al. proved that puncture grasps are
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equivalent to equilibrium grasps, and represented boundaries of caging sets using immobilizing
grasps.

Besides Rimon, Pipattanasomporn et al. studied the problem of planar two-fingered caging
for polygons with concavity [40]. A key idea of two-fingered caging, squeezed trajectory, was
introduced in the work, in which two point fingers were placed at concave sections of the object,
and the trajectories of squeezing are tested for caging. Pipattanasomporn et al. later applied
the algorithm of squeezing trajectories to the cases of 3D polyhedra with two concave sections
[50], which was basically as a similar approach to planar caging. Another name of two-finger
caging is dispersion control [41], in which each finger is located at one opposite concave section
and disperses from each other. The names stretching operation [40] and stretching caging [43]
are also available in literature and represent similar things. A good summary of the algorithms
for two-finger caging of both 2D and 3D objects, was done in the review section of [51]. An
extension to non-convex objects was presented by Thomas et al. [52, 53], which introduced the
method of contact space search for two-finger caging. Note that in the literature, robotic finger
agents are assumed to be points. Fingers with radius, e. g., disc-shaped fingers, can be treated
as pointed fingers by enlarging target objects using the Minkovski sum.

Three-agent caging: Compared with two-agent caging in which target objects are limited
to polygons concavity, the target objects of three-agent caging may include convex shapes and
redundant finger(s), which make caging problems more difficult. Researchers usually fix some
degrees of freedoms to simplify the problem. For example, Ponce et al. [16] studied the capture
region that prevented an arbitrary convex object from escaping from the cage formed by two
fixed fingers and a movable finger. Given two fixed fingers, the goal of the problem was to find a
region for the third finger where the three fingers together cage the target object. The problem
was later solved by Erickson et al. in [54, 55] using z-buffer, and further was developed by Vahedi
et al. in [56-59]. Wan et al. also studied the problem. He not only developed algorithms to find
caging regions for the third finger [60], but also extended it to caging optimization or finding
the most robust caging configurations [49].

Beyond two fixed fingers, Davidson et al. studied caging planar object using a three-finger one-
parameter hand [61, 62]. The work was essentially a direct extension of the two-finger caging
studied by Rimon et al. [12, 13], which found the boundaries of caging sets using puncture
grasps. Bunis et al. [48] studied a similar one-parameter three-finger caging problem. Different
from Davidson et al., Bunis et al. analyzed the problem in contact space and found the caging
sets using caging graph search. Some other work like [63][64] studied the caging problems of
four-finger one-parameter hand, which basically had the same complexity as three-finger one-
parameter hands. More flexibly, Sudsang et al. used mobile robots as robotic agents to transport
polygons [36][65][66]. He allowed free motion of each mobile robot, and proposed several rules
to push target objects as well as maintain cages.

Caging by more than three agents: Caging by more than three robotic agents is also
widely studied for practical applications like multi-robot transport. By far, the most effective
way to judge a cage formed by more than three agents is using (Ciec.obj 7 Gobj) N (Ctree_obj 7
0) N (Ctreeobj N Crree int # 0). By expanding the condition using CC (configuration space of
configuration space), Wang et al. proposed several caging test algorithms for more than three
mobile robots [44, 67-73]. Wang et al.’s algorithms could solve caging problems with more than
three but non-redundant number of agents (although the number of employed agents might
not be smallest). Similar to Wang et al., Pereira et al. studied multi-robot caging using non-
redundant number robots in [74-76]. He proposed the concept of object closure conditions for
multi-robot cooperative transport. The conditions were maintained while transporting an object
to a desired goal. To fairly contribute to the payload, the object closure condition was allowed to
be broken. Conditional (force) closure, in which the object was partially caged, was introduced
to tackle these cases. Suarod et al. presented an heuristic approach to compute caging formation
of multi-robots from given loose region within which the object can move [77]. Their number of
mobile robots was non-redundant too. Dai et al. [78] proposed symmetric caging formation for
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convex polygon to reduce the number of agents and to decrease rotation of the object. Wan et
al. also reduced the number of mobile robots to accomplish caging the object [49]. Rodriguez
et al. [79, 80] proposed the concept of F-cage, which presented an independent definition of
multi-agent cages using topological analysis.

In contrast to the studies about non-redundant number of agents, there are lots of studies
about redundant agents. The difference between redundant and non-redundant number of agents
are as follows. Non-redundant number of agents: The agents cage objects using their geometric
features. Objects cannot rotate freely. Redundant number of agents: The agents cage objects by
forming a fence. Objects may rotate freely inside the fence. Trinckle et al. [45] and Eberman
et al. [46] proposed envelope grasp, which was essentially caging using redundant number of
fingers or links. Fink et al. proposed a fence transport [81], where a large number of mobile
robots trapped and transported objects. Vongmasa et al. [82] studied coverage diameter, which
actually indicated the largest gap between agents, and could help compute the smallest number
of redundant agents. More recently, Varasa et al. [83] proposed herding by caging, which also
used redundant number of robots to move objects.

Caging with environments: Caging an object with least number of robotic agents is a
difficult problem. As the number of robots decreases, the cage becomes small and the flexibility
in object positions and orientations becomes limited. To reduce the number of agents as well
as to make the most of cages, researchers proposed two methods: (1) Taking the advantages of
environments around the robots and object, and (2) allowing incompleteness of caging.

Caging by multiple mobile robots and environments (which are often called as walls) had been
independently studied by [84, 85]. Yokoi et al. studied transporting planar objects along the walls
while the robots maintaining the condition of object closure together with walls. Banyassady et
al. formulated the problem of caging polygons by a point and a line [85], where the line could be
considered as a part from the environment. Varkonyi [86] proposed a caging feeder to reorient
parts. In the theoretical section, Varkonyi developed an algorithm to find a range of circle radius
that led to monostatic behavior using alpha hull. The circles that exhibited monostatic behavior
were a kind of environmental cages.

Incomplete caging: Incomplete caging, which is also known as partial caging [87, 88] or
conditional object closure [44], is important in reducing the number of robots. Incomplete caging
is practical since (1) most real-world robotic agents (robot arms, fingertips) are interconnected
with each other instead of distributed, and (2) the gravity of objects cannot be ignored. Con-
sequently, researchers studied incomplete caging to make use of the interconnected degree of
freedoms and ignorable gravity. For one thing, compared with grasping, incomplete caging still
constrains objects using a cage. Objects have some freedom inside the cage. For the other, the
cage in incomplete caging is virtual and is not as strict as complete caging. Objects may escape
when their energy is beyond certain thresholds.

Incomplete cages allow some escaping paths through the gap between the robots. As the
robotic agents change their configurations, the number of escaping paths and their reachability
differ. Therefore, studying the escaping paths and the difficulties of escaping is usually the
goal of related work. For example, Makapunyo et al. discussed a framework to measure the
quality of partial caging [87] based on the concept of motion planning of rigid bodies. They
evaluated the quality of partial cages with several probabilistic path searching trials [89], in
which the evaluation index was represented by elapsed time to find an escaping path. Makita et
al. considered a planar two-fingered hand for partial caging. In their work, the interconnected
robotic fingers had a gap between its fingertips where the captured object could escape [88].
They evaluated the possibility of escaping from the gap considering dynamics. The quality of
their partial caging was the elapsed time until the captured object escaped from the constraint.
In a later work [90], Makita et al. further examined two object primitives, a single point and
a line segment. More recently, Mahler et al. proposed the concept of energy-bounded caging, in
which the target object partially caged by robots can be prevented by gravitational force from
escaping from traps [91].
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Others: Instead of pure caging, several researchers developed theories and algorithms to use
caging for pre-grasp. Rodriguez et al. discussed the relationship between caging and grasping
with examples of two-finger caging, and generalized the problem to the cases of n fingers in
[79, 80]. Wan et al. proposed grasping by caging for tolerance of pose and shape uncertainty
caused by mechanical error of robots and sensory noises of perception [92], although they only
considered convex objects. Wan et al. [47, 93] also improved their algorithm to find caging regions
and immobilization points by using space mapping between work space and configuration space.
The method based on space mapping could deal with both convex and concave shapes. It can
quickly test planar caging formations.

3.2 3D Caging

Extending from 2D and 2.5D caging to 3D caging is challenging. The first difficulty is high
dimensionality. The configuration space of 2D and 2.5D problems is 3D. It is possible to recover
the complete configuration space using the ability of modern competitors. In contrast, the con-
figuration space of 3D problems is 6D. Recovering the 6D configuration space and investigating
the caged subspaces in it are computationally infeasible. In motion planning, researchers used
probabilistic methods [94, 95] to build probabilistic roadmaps and search valid paths in high di-
mensional spaces. While the probabilistic methods could overcome the curse of dimensionality in
a certain degree, they are not applicable to caging problems like caging test and finding caging
sets. The caging problems require complete analysis, instead of probabilistic results. Another
difficulty of 3D caging is the mechanism of robotic agents. The robotic agents in 2D and 2.5D
are assumed to be distributed point fingers and point mobile robots, without considering inter-
connections. Implementing these distributed mechanisms for 2D and 2.5D caging is possible[96].
In contrast, robotic agents in 3D work space are difficult to be distributed: Fingertips cannot be
considered independently, floating agents like drones are limited by nonholonomic constraints,
etc. Researcher studying 3D caging have to use the interconnections of agents to solve prac-
tical problems, although challenging the high dimensionality without considering mechanical
implementation is also an interesting topic.

Caging for 3D polyhedral objects was firstly studied as an extension of planar caging. These
work focused on challenging the high dimensionality without considering mechanical implemen-
tations. For example, Pipattanasomporn et al. discussed caging rigid polytopes using two pointed
fingers in [50]. It was the seminal work of 3D two-finger caging. Pipattanasomporn et al. later
improved their algorithms to tackle caging problems with any number of fingers in any dimen-
sional workspace [42]. Allen et al. also studied the two-finger caging problems of 3D polytopes
[97] based on caging graph search in contact space [52].

There are also several studies which used multi-finger hands to cage 3D objects. These research
takes advantages of the interconnections between finger links to solve practical problems. For
example, Makita et al. studied caging for four primitive shapes of object using a skeletal multi-
finger hand [98, 99]. They divided sufficient conditions for 3D caging using a multi-finger hand,
which was named 8D multi-finger caging, into three types: (1) Caging by surrounding (envelope-
type caging), (2) caging using concave sections (waist-type caging), and (3) caging by hooking
or knotting (ring-type caging). Pokorny et al. presented a method to plan caging grasps on
objects with holes such as bags, mugs, etc., by using topological expression of loops of both the
objects and the robot hands [100, 101]. The assumption was that objects with holes could be
caged when a hopf link is formed between the robot hands and the hollow parts of the object
[98]. Kwok et al. [102] studied rope caging, where a rope was stretched on the surface of 3D
objects following topological rib graphs. Their algorithms were applicable to 3D objects with
constricted parts [103] or necks [104]. Zarubin et al. used geodesic balls to determine caging
regions of several complicated objects. Their approaches were named circle caging or sphere
caging [105]. Circle caging let the robot hands wind the of neck of the object as waist-type
caging. Sphere caging let the robot hand wrap a part of the object as envelope-type caging. In
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addition to the complete caging on objects with holes, Stork et al. studied hooking the loop [106]
using partial caging. Partial caging in 3D work space could be considered with applied external
forces to prevent the captured object from escaping. Jiang et al. proposed the concept of gravity
caging [107]. He derived placing areas in which objects could be suitably held by a few supports
under gravitational force, e. g., the inner side of pen-holders is the placing area for pens.

4. Practical caging systems
This section reviews the practical robotic systems that use the principle of caging. Following

the types of robotic agents, the section is divided into grasping and multi-robot cooperative
transport. Some examples are shown in Fig.5.

Figure 5. Using caging to conduct grasping and multi-robot cooperative transport. (a.1, a.2) Using caging as pregrasp.
(b.1, b.2) A failure case where caging was not used as pregrasp. (c.1, c.2, c.3) Using caging to transport objects.

4.1 Caging in Robot Grasping

Most practical caging-based robot grasping systems are based on the 2D and 2.5D caging al-
gorithms. The robotic agents are usually parallel jaw gripper with multiple sticks as fingers.
Some algorithmic research such as [47, 48, 92, 93] tested their algorithms using computational
dynamics engines and self-built robot platforms. These platforms appropriately demonstrated
the advantages of caging grasps, in which the robots prevent the object from escaping without
precise force control and accurate object perception. They are some of the practical caging-based
grasping systems. More specifically, Wan et al. developed a four-finger one parameter hand using
repeated caging optimization. The optimized design was claimed to be able to cage large number
of objects using one actuator. Su et al. studied 2.5D caging of polyhedron considering the width
of inner polygons [64]. He demonstrated their algorithms by caging several industrial parts using
a gripper composed of four sticks and a vision system. Vakornyi’s caging feeder is also a 2.5D
practical caging grasping system [86].

Using 2D and 2.5D caging to manipulate objects in the micro world is also a popular research
field. In micro scale, obtaining fine sensor data for positioning and force control of manipulators
is difficult. There are lots of uncertainty like perception noises, control noises, and unexpected
forces (e.g. electrostatic force, surface tension, van der Waals, casimir, etc) [108, 109]. Several
practical caging systems were developed to deal with the uncertainty. For example, Grier et al.
discussed about optical tweezers, which used energy of photons to trap beads or cells [110]. The
optical tweezer is a practical caging system. Hu et al. [111] proposed electro-thermally activated
cell manipulator, which used thermal energy to trap cells. It is also a practical caging system. The
optical tweezers and the electro-thermally activated manipulators are energy bounded caging.
They are not directly related to the algorithms discussed in previous sections. More near to
the previous algorithms, Cappelleri et al. presented an application of planar caging grasps in
micro manipulation/assembly by using multiple single micro probes [112, 113]. The system was
improved to do both 2D and 3D micro-manipulation later in [114] [115].
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There are also researchers who used caging to do in-cage manipulation. Blind et al. [116] used
actuated piston pin array attached to a pachinko machine to manipulate objects. Their essential
technique was to construct the capture regions using the pin array and perform manipulation
inside the capture regions. This capturing approach is similar to the idea of modular fixturing
of the vise toolkit [117]. Ma et al. [118] and Maeda et al. [119] respectively studied in-cage
manipulation using two linked fingers, which could be viewed as a general form of in-hand
manipulation.

Caging grasps in the real 3D workspace is not as widely developed since there remains several
open problems in algorithmic foundations. However, practical systems using redundant number
of agents to cage can still be found in literature. Diankov et al. presented a pose planing system
by taking the advantages of 3D caging and probabilistic motion planning [120]. The goal nodes
of the motion planning were cages of 3D objects using a three-finger hand. The goal of the
whole work was to find an optimal pose of a mobile manipulator that can reach and cage target
objects. Cages provided multiple goals and added flexibility to motion planning and robustness
to perception and motion control. Makita et al. presented a practical system which used 3D two-
finger caging to pick up concave objects with using AR markers [99, 121]. The geometric features
of their objects for caging were retrieved from database by matching the markers. Fukui et al.
applied caging grasp to hand-over tasks using a container case [122], in which the mechanism
could be regarded as a robot hand performing sphere caging. Caging-based grasping presented
by Meada et al. [123], in which inner rigid parts of the hand cage an object and outer soft parts
make contact with the object, was performed both by planar multi-agents and by a 3D robotic
hand.

4.2 Caging in Multi-robot Transport

Popular control methods of multi-robot object transport include: (1) formation control
[124][71][125], (2) coordinated impedance control [126][127][128], and (3) task sequencing
[129][130][131]. Formation control uses a formation of robots to enclose the object. The caging-
based multi-robot transport is a kind of formation control. Compared with classical formation
control methods which require precise localization of each agent [124], caging provides more
flexibility. In the caging-based formation control, mobile robots are taken as points, objects are
taken as polygons, the problem is formulated as 2D or 2.5D caging problems. An advantage of
caging-based formation control is it doesn’t need explicit force control and motion sequencing.
Leading and pushing robots are passively shifted during the motion of the whole formation.
Caging-based formation control helps to avoid complicated pushing analysis like [132-134].

Examples of practical caging-based multi-robot transport systems are as follows. Pereira et
al. experimentally performed caging manipulation by multiple decentralized mobile robots in
[74, 75], where polygonal mobile robots were controlled using visual feedback [76]. Sudsang et
al. presented transporting planar objects by three disc-shaped robots [65, 66] based on their
theoretical work of a motion planner [135]. More generally, Becker et al. [136] used ensemble
control to perform manipulation using redundants robots. Their robot number is up to 100 in
real time. Similar techniques like flocking [137] and distributed centroid estimation [138] were
also demonstrated with real-world systems. They were promising applications of caging-based
multi-robot transport.

Some other studies used tools instead of robotic bodies for caging and transport. For example,
Kim et al. studied manipulation of multiple objects by multiple mobile robots using cables
[139, 140], in which the robot trajectories were planned to separate each category of target
objects. Yamashita et al. demonstrated cooperative manipulation by mobile robots using either
a stick or a string attached to the robot [141]. Donald et al. [142] and Maneewarn et al. [143]
also developed similar systems.
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5. The Open Problems

We discuss the open problems of caging from both the viewpoint of algorithms and the viewpoint
of applications.

5.1 The open problems in algorithmic caging

In the algorithmic section, we discussed different algorithms following the number of fingers
and the type of objects. A summary of the problems and their solutions are shown in Table.1.
The rows of the table show the types of agents, including point fingers, mobile point robots,
polygon fingers, mobile polygonal robots, multi-joint hands, walls, and tools (see the footnote
of the table). 2, 3, and >3 indicate two-agent caging, three-agent caging, and caging using
more than three agents (but non-redundant). “inf” means caging with redundant number of
agents. The markers (O indicates the problem corresponding to the row and column of that
grid has been completely solved. The A indicates the correspondent problem was partially
solved. The x indicates the correspondent problem was not studied. For example, the review in
previous sections told us point fingers have been extensively studied, and the 2D and 3D caging
problem using 2 and redundant number of point fingers could be completely solved. The grids
corresponding to these problems, (2D workspace, ptf(2)) and (2D workspace, ptf(inf)), are filled
with (. The 2D caging problem using 3 fingers could only be solved partially. Researchers need
some conditions, e. g., removing some degrees of freedoms, to simplify the problem. The grid
corresponding to the problem, (2D workspace, ptf(3)), is therefore filled with A. Completely
solving the problems with A markers is the first open problem.

Table 1. Different problems and their solutions

Agent types ‘ ptf ptf+w ptf+t plf mjh

# of agents ‘ 2 3 >3 inf‘ 1 2 >2 inf ‘ 1 2 >2 inf ‘ 2 3 >3 inf ‘ 1 2 >2 inf
2D workspace | O A A O 1O A& A O|A A A OlA AN A OlA A X X
3D workspace | O A A (O |x x x X | X x X X |x x x x |[A AN A A
Agent types ‘ ptr ptr+w ptr+t plr mjr
#ofagents |2 3 >3 inf|1 2 >2 inf|1 2 >2 inf|2 3 >3 inf|l1 2 >2 inf
2D workspace | O A A O |O A& A O|A A A OlA A A Oflx x x %
3D workspace | x x X X | X X X X | A x X X | X X X X | A x X X

Meanings of abbreviations: ptf = point fingers, plf = polygon fingers, mjh = multi-joint hands, ptr = mobile
point robots, plr = mobile polygonal robots, mjr = multi-joint robots, ¥***4+w = **¥*{wall, *¥** ¢ = **¥* 1 {00l,
tool = rigid bodies, rope, etc.

Partially solving the problems with x markers is the second open problem. To our best knowl-
edge, completely solving the problems with x markers are impossible since the computational
cost is beyond the computational capabilities of modern computers. However, finding partial so-
lutions, e.g., constrain the problem by removing some degree of freedoms or by using redundant
agents, is meaningful to actual work. For example, solving the problem corresponding to (3D
workspace, mjr), or whole-body caging, is meaningful to relax the force analysis in whole-body
manipulation [144].

Besides the problems shown in the table, an interesting and practical open problem is to take
into account external forces (e.g. gravity force, frictional fingers, frictional objects). Some far-
seeing researchers have started some seminal study [91] by considering gravity force. Extending
the results to general external forces, discussing about completeness, or defining redundant
conditions for this problem are promising directions.
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5.2 The promising caging applications

From the viewpoint of application, an interesting problem is using caging to deal with in-hand
manipulation. In-hand manipulation means to hold and move an object with one hand. It requires
that the object to be constrained in the hand while being manipulated. One difficulty of in-hand
manipulation is to maintain force closure at essential time points during operation, which in most
cases impossible due to mechanical constraints and planning problems. Using caging instead of
force closure to connect transit states during in-hand manipulation is a promising approach.
Caging looses force closure into cages as well as maintains a connection to force closure. Some
studies could already be found in most recent publications [91, 119].

Caging using tools is also widely needed in the real world. The cases usually appear in heavy
industry where gantry robots clasp big objects using hooks or wrap them using metal chains.
Planning tool cages and providing the results to gantry robot controllers would be very helpful.
Kwok et al.’s rope caging planner is a seminal study in this field [102]. It is promising in these
applications.

Micro-manipulation using optical tweezers is an interesting application, too. Optical tweezers
use two highly focused laser beams to trap very small crystal beads. Using several beads to
transport objects like cells is similar to the case of distributed multi-agent transport. Caging is
expected to play an important role in it since the control of the trapped beads is uncertain. The
beads are not firm and have lag in motion during formation control. Caging may help overcome
the problems caused by uncertainty. Note that the application is not limited to optical tweezers,
transport using other tweezer-like micro-robots, e. g. Ohta’s bubble robots [111], is also practical
applications to study.

6. Conclusions

This paper presented a brief survey of robotic caging and its applications studied in the past
couple of years. First, it reviewed the history of caging and its relationship with traditional
concepts like form and force closure in grasping. It showed that caging is the extension of
2nd-order form closure and immobilization in configuration space. Then, the paper presented
the algorithmic development of caging in robotics, and the practical robotic caging systems. It
summarized the open problems in both algorithmic and practical system development based on
the review of contemporary theoretical studies and real-world applications. The paper provided
our insights on some open problems and promising research and application directions. It is
expected to help researchers quickly catch the strength and limitations of caging, and make
impacting contributions to the community.
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