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Abstract— This paper reports on our initial efforts to achieve
robotic nonprehensile catching. First, we show the importance
of nonprehensile catching in a robotic catching task. Robotic
nonprehensile catching can be achieved by caging or partial
caging with gravity. Since an object is restricted within a
bounded region via nonprehensile catching, accurate finger
positioning is not required because the robotic hand should
be moved to an appropriate region where caging is achieved.
Second, control strategies for nonprehensile catching are pro-
posed. The robotic arm motion is generated on-line by using
visual sensory feedback in response to the object motion. Noting
that the object passes from the outside to the inside of the
workspace of the robotic arm, the motion phases of which are
divided into tracking and catching based on the specified region
in a 3-D space. Finally, the validity of the resulting methods is
demonstrated by experiments.

I. I NTRODUCTION

If robotic arms can perform rapid and dexterous manipu-
lations, it can be expected that there will be significant im-
provements in the productivity and speed of various robotic
tasks, such as transporting, sorting, and assembling. Grasping
is a fundamental task that precedes various manipulation op-
erations mentioned above. However, in conventional manu-
facturing, robots equipped with grippers pick up objects from
conveyor belts and parts pallets. With recent improvements in
visual sensing technologies and computer power, researches
on catching of a flying object by a robotic arm have been
conducted recently to enhance the manipulation capabilities.

A. Related Work

The type of manipulation/grasp that is used can be divided
into two classes: a prehensile (form- or force-closure) grasp,
and a nonprehensile manipulation. With a prehensile grasp,
objects can be constrained completely by a robotic hand.
Conventional method of the robotic catching of flying objects
belongs to this class. As shown in Fig. 1(a), prehensile
catching is achieved by grabbing a flying object firmly using
the fingertips of a robotic hand attached to a manipulator. As
a pioneering work on prehensile catching, Hong and Slotine
[1] succeeded in catching a free-flying spherical ball by using
a 4-degrees-of-freedom (DOF) robotic arm with a 3-DOF
five-fingered hand. Visual data was used to estimate the flight
of the ball, and the robotic arm was controlled to match the
trajectory of the hand to that of the ball.

Research on prehensile catching has been focused on
developing a novel control system that employs coordination
between a manipulator and vision [1], [2], [3] rather than
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Fig. 1. Robotic catching

considering its feasibility and applicability. As shown in Fig.
1(a), an object is limited to a small one that can be grabbed
by fingertips as well as a simple shaped-object because of
the limitation of the measured precision of a visual system.
The feasibility depends considerably on the accuracy of
positioning and timing in robotic finger’s control. This is
because exact synchronization of multiple finger contacts
is required and also catching motions accompany complex
collisions between the object and the fingertips. The hands
have to be customized to fit specific objects.

In contrast, in nonprehensile manipulation, the object is
manipulated without being firmly grasped [4]. This elimi-
nates the need for a specially designed gripper with which
to manipulate the object, and the end-effector can be as
simple as a stick or a plate. Some examples of nonprehensile
manipulation involve throwing with a bar [4], [5], juggling
by batting [6], [7], tapping with a stick [8], and pushing
with a plate [9]. The benefits and various applications of
nonprehensile manipulation motivated us to develop robotic
catching based on nonprehensile manipulation.

B. Contribution

We discuss thenonprehensile catchingof a flying object
by a robotic arm, which is novel robotic catching without
being firmly grasped by a robotic hand. There are few
researches on nonprehensile catching. The specific task of
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bringing a ball to rest on a flat plate from randomly thrown
initial ball states was discussed in [10], [11]. In this method,
the object is easily escapable from the flat plate and conse-
quently the transition to the next manipulation operations
may be difficult. An example of nonprehensile catching
treated in this paper is shown in Fig. 1(b). Suppose that the
hand consists of two fingers and the object has a hole. This
figure represents that one of the two fingers is inserted from
below into the hole of the flying object, and then the fingers
are moved closer together. The object is caged by the fingers
and is confined within a bounded region.

Nonprehensile catching has the following advantages com-
pared to prehensile catching: There is less restriction of the
size of an object as long as the object has holes or its
shape is concave. Accurate finger positioning for catching
is not required not only because the robotic hand should
be moved to an appropriate region where caging is achieved
but because direct contact between the object and the hand is
not needed. Even a hand with a simple mechanism and low-
DOF may perform nonprehensile catching. For these reasons,
nonprehensile catching may be easily executable and reliable
methods.

This paper reports on our initial efforts to achieve robotic
nonprehensile catching. Main contribution of this paper is
as follows: First, we show the importance of nonprehen-
sile catching in a robotic catching task, and propose two
catching methods; caging-based catching and partial caging-
based catching with gravity. Second, control strategies for
nonprehensile catching are proposed. The robotic arm motion
is generated on-line by using visual sensory feedback in
response to the object motion. Noting that the object passes
from the outside to the inside of the workspace of the robotic
arm, the motion phases of which are divided into tracking
and catching based on the specified region in a 3-D space.
Finally, the validity of the resulting methods is demonstrated
by experiments.

II. ROBOTIC CATCHING TASK

We define a robotic catching task as capturing a flying
object by a robotic hand and constraining the object com-
pletely. To achieve such a robotic catching task, it is required
to implement the following three processes in real time,
which are 1) to measure the flying object’s posture, 2) to
plan trajectories of the robotic arm/hand based on a catching
strategy, and 3) to control the robotic arm/hand.

Prehensile catching shown in Fig. 1(a) performs the cap-
ture and constraint of the flying object simultaneously, which
requires exact positioning and timing in the robot finger’s
control. The execution on actual robotic hands may be
considerably difficult, as mentioned in the previous section.

We consider that the robotic catching task is performed
with two phases; a nonprehensile catching phase and a
prehensile grasping phase, as shown in Fig. 2. In the non-
prehensile catching phase, the flying object is caged by the
robotic hand, or the object may not be immobilized but is
confined within a bounded region by the hand. Consequently,

Nonprehensile catching Prehensile grasping 

Fig. 2. Transition of robotic catching task from nonprehensile catching to
prehensile grasping

nonprehensile catching can tolerate imprecision in measure-
ment and control. After that, the catching task is moved to
the prehensile grasping phase in order to immobilize the
caged object by moving fingers if the fingers are given the
freedom of moving. We discuss the detail of each phase in
what follows.

A. Nonprehensile Catching

In the first phase of the robotic catching task, a flying
object is confined within a bounded region by a robotic hand
via nonprehensile catching. We classify the nonprehensile
catching family into two classes according to a way of
capturing, as shown in Fig. 3.

The first one is partial caging-based catching with gravity.
An example of this class is shown in Fig. 3(a). The finger (a
stick in this example) is inserted into the hole of the polygon,
and eventually it is constrained at the bottom of the finger.
The object not only is partial-caged [12] by the finger, but is
constrained to keep its partial cage by gravitational force. In
consequence, the object is captured without dropping down
from the robotic hand. Even a robotic hand such as a stick,
which does not have the freedom of moving, can perform
nonprehensile catching in this class.

The second one is caging-based catching. Two examples
of this class are shown in Fig. 3(b-1) and (b-2). Fig. 3(b-1)
shows that one of the fingers is inserted into the hole of the
object and then the fingers cage it by moving closer together.
Fig. 3(b-2) shows that the fingers directly cage the flying
concave object. Since these objects caged by the fingers are
confined within a bounded region, they do not drop down
from the robotic hand. To perform nonprehensile catching in
this class, the hand needs to have at least one DOF to switch
the finger formation from non-caging to caging.

B. Prehensile Grasping

In the second phase, prehensile grasping is performed to
immobilize the caged object by moving the fingers if the
fingers are given the freedom of moving, as shown in Fig. 4.
When the object with a hole is partial-caged by nonprehensile
catching as shown in Fig. 4(a), the the object is immobilized
by stretching fingers. When the concave object is caged by
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Fig. 3. Nonprehensile catching family. (a) Nonprehensile catching by
partial caging and gravity. (b) Nonprehensile catching by caging. (b-1)
Polygon with hole and (b-2) concave polygon.
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Fig. 4. Transition to prehensile grasping. (a) Grasping by stretching cage.
(b) Grasping by squeezing cage.

nonprehensile catching as shown in Fig. 4(b), the object
is immobilized by squeezing fingers. In [13], the relation
between cages and grasps is discussed.

In the remainder of this paper, to discuss the feasibility of
nonprehensile catching, especially partial-cage catching (see
Fig. 3(a)) of torus object on a stick, we propose a control
strategy for the nonprehensile catching and verify its validity
experimentally. The experimental verification of other types
of nonprehensile catching and prehensile grasping is our
future work.

III. ROBOTIC CATCHING SYSTEM

Fig. 5 shows a robotic catching system, which consists
of a high-speed vision system and a robotic control system.
Each of the systems is outlined below.

A. High-speed Vision System

A high-speed vision system was used for tracking the
object. This system processes 512×512 pixel images from
the camera heads at 2000 fps. The coordinates of the tracking
points in the image plane of each camera are calculated at
the rate of 1 kHz.

B. Robot Control System

The robot control system has three functions: determining
the 3-D position and orientation of the target object, gen-
erating the arm motion, and controlling the arm. First, the
position and orientation of the moving object is calculated by
using the coordinates of several target points on the object,
which are sent by the high-speed vision system. Next, the
desired motion of the robotic arm is calculated in real time by
using the object’s position and orientation. Then, the robotic
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Fig. 5. Robotic catching system

arm is controlled to perform the desired motion in order to
catch the moving object. This process is executed at the rate
of 1 kHz using a control PC (CPU: Pentium 4, 2.5 GHz).
The detail of the robotic arm is shown in Sec. VI.

IV. 3-D V ISUAL OBJECTTRACKING

This section presents 1) an algorithm for target tracking, 2)
a method for determining the 3-D positions of the specified
target points on the object surface by triangulation, and 3)
a method for determining the 3-D position and orientation
of the object from the target points positions. The three
processes are implemented sequentially to perform the 3-
D visual object tracking task. The details of these processes
are discussed below.

A. Target Tracking

A target tracking by using a local window [14] is im-
plemented. The target points are specified in advance by
attaching markers on the surface of the object in order to
recognize the object. The target point can be extracted from
the camera image by calculating the logical AND of the
input image and the image of the previous frame within the
local window. This algorithm can reduce the computational
cost because the process is carried out within the small local
window.

B. Derivation of 3-D Position by Triangulation

Fig. 6 shows a perspective projection of a stereo camera
based on a pinhole camera model. The origins of the frames
of the left and right cameras,ΣL and ΣR, are located at
the center of the projection of each camera. A 3-D point,
X, is projected onto the image plane of each camera. The
projection points in the left and right image planes are
denoted byxL andxR, respectively.

The stereo correspondence is performed for each target
point. Corresponding pairs of target points for the images
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of the stereo camera can be used to triangulate their 3-
D positions. However, the lines of sight determined by
corresponding target points do not intersect in the 3-D scene
due to quantization errors and noise, as shown in Fig. 6.

We find projection points that minimize the errors,∆xL =
xL − x∗

L and∆xR = xR − x∗
R, by solving the following

optimization problem:

min ∆xT
L∆xL +∆xT

R∆xR (1)

subj.to x̃∗T
R Ex̃∗

L = 0 (2)

wherexL andxR∈ ℜ2 are the measured projection points,
andx∗

L andx∗
R are corrected projection points that satisfy the

epipolar constraint (2), which implies that the corresponding
rays throughx∗

L and x∗
R intersect at a point,X, in a 3-

D space. The homogeneous coordinates ofx∗
L andx∗

R are
shown byx̃∗

L andx̃∗
R. The matrixE is the essential matrix.

A fast, high-precise and non-iterative algorithm for the above
optimization problem is reported in [15].

The 3-D position of the target,X ∈ ℜ3, in the basic
camera frame, which is assigned to the left camera frame,
ΣL, can be obtained by substituting the corrected points,x∗

L

andx∗
R, into the following equation:

X̃ =

(
zTET x̃∗

R

zTz

)
x̃∗
L (3)

whereX̃ ∈ ℜ4 is a homogeneous coordinate corresponding
to X, z = x̃∗

L × RRT
Lx̃

∗
R, and the rotational matrixRRL

shows the relative rotation between the two cameras.

C. Derivation of Position and Orientation of the Object

Fig. 7 shows the coordinate frame of a ring torus that is
used as a target object. The stick attached to the robotic arm
tip should be inserted without interference, from underneath
the hole of the object. Therefore, the origin of the object
frame, ΣO, which is the desired position of the stick tip
(see Section V), is placed at a distanced below the center
O′ of the hole of the torus, in the direction normal to the
plane, HO, of a great circle of the torus. Since at least
three target points are necessary to determine the position
and orientation of the ring torus object, three markers are
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Fig. 7. Coordinate frame of the ring torus

attached to target points on the upper surface of the ring
torus for visual tracking.

Once the positions of the three target points are measured
by triangulation, the object positionLXO and orientation
LRO with respect to the basic camera frame can be obtained
from the positional relation among the three targets. As
shown in Fig. 5, three major coordinate frames are defined:
the robot frameΣB , the object frameΣO, and the basic
camera frameΣL. Since the robotic arm should be controlled
to approach and catch the target object, it is necessary to
obtain the position and orientation,xO andRO, of the target
object with respect to the robot frame by using the following
equations:

xO = BRL
LXO + BtL (4)

RO = BRL
LRO (5)

where BRL and BtL are the orientation and position of
ΣL with respect toΣB, respectively By extending Zhang’s
calibration method [16], we can obtain the geometric re-
lationship between the robotic arm and the cameras from
multiple images of a calibration board, which is installed on
the tip of the robotic arm, taken by the stereo camera.

V. CATCHING CONTROL STRATEGY

A. Generation of Motion in the Robotic Arm

If it is possible to determine the desired movement of the
robotic arm in response to the current position and orientation
of the flying object by using visual information, the robotic
arm can adapt to the abrupt change of the object motion as
well as various uncertainties. However, conventional robotic
catching has used visual information for predicting an object
path assuming a parabolic model and for determining the
time and location at which the object is caught. It is difficult
to apply this approach to cases where the object path is
changed constantly during the flight and where there are
uncertainties such as modeling errors and the change of
environment.

Another important issue for robotic catching system that
determines the robotic motion in real time in response to
the object motion is that the robotic arm motion should
be generated to avoid its singular configuration during the



tracking of the object because the target object passes from
the outside to the inside of the Cartesian workspace of the
robotic arm.

In order to overcome the above two problems, we propose
a control strategy for robotic nonprehensile catching, which
generates the robotic arm motion on-line by using visual
sensory feedback.

As shown in Fig. 8, let a spherical boundaryS1 with radius
d1 be set inside the workspace of the robotic arm in order to
ensure that the robotic arm is not in a singular configuration
during the tracking of the object. The motion phases of the
robotic arm are divided into tracking and catching, based on,
respectively, whether the moving object is outside or inside
the spherical boundary. The generated motion of the robotic
arm for each phase is shown below.

1) Tracking Phase:When the object moves outside the
spherical boundaryS1, the tip of the stick is moved on the
surface ofS1 in the line of sight that points from the origin
of the robot frame to that of the object frame, as shown in
Fig. 8. The robotic arm keeps a stick-up configuration so that
the stick can be inserted from underneath the hole of the ring
torus object without it being in a singular configuration. In
response to the object motion,(xo, ẋo), the desired position,
rd, and its velocity of the stick tip are given by

rd = d1n (6)

ṙd = (I − nnT ) ẋo
d1

∥xo∥
(7)

wheren = xo/∥xo∥ represents the unit vector of the line
of sight. The matrixI is the identity matrix.

Equation (6) shows that the desired position is on the
surface ofS1. The radiusd1 is determined by considering
the manipulability of the robotic arm and its workspace.
Equation (7) implies that the desired velocity is determined
by projecting the object velocity,̇xo, onto the tangential
plane at the pointrd on the surface ofS1 by considering
the distance from the origin of the robot frame to the object
and the sphere.

As for the stick orientation, the stick is moved to have the
same orientation as the flying object because the stick can
be inserted into the hole of the object without interference.
The desired stick orientationϕd and its rotational velocity,
which are described in terms of Euler angles, are given by

ϕd = ϕO, ϕ̇d = ϕ̇O (8)

where ϕO is the object orientation described in terms of
Euler angles, which is derived from the rotation matrixRO

in (5).
2) Catching Phase:The moving object gradually ap-

proaches the boundaryS1, and when the tip of the stick,
r, satisfies the following equation:

∥xO − r∥ ≤ ε, (9)

the stick is made to stop. The stick is then inserted into the
hole of the ring torus, and eventually, as the object falls along
the stick, it will be constrained at the bottom of the stick.
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Fig. 8. Control strategy in the tracking phase

The object is partially caged with gravity on the stick in this
manner.

The desired position, orientation and the corresponding
velocities of the stick in this phase are given by

rd = r∗, ṙd = 0 (10)

ϕd = ϕ∗, ϕ̇d = 0 (11)

wherer∗ andϕ∗ are the position and orientation of the tip
of the stick at the moment when (9) is satisfied.

The desired velocities,̇rd andϕ̇d, change discontinuously
in the transition from the tracking phase to the catching
phase. The design of the controller of the robotic arm should
take into consideration not only the tracking performance but
its stability; details of this are discussed in the next section.

B. Control of the Robotic Arm

The catching control algorithm is discussed below. Fig. 9
shows this as a block diagram. First, the on-line generator
determines the desired position and orientation,(rd, ϕd),
and those velocities of the stick’s tip in response to the
object motion as mentioned above. Since the measurements
of the object posture with a camera involve noise due to
the change of lighting conditions, the Kalman filter is used
to compute the object velocity estimates. The joint reference
velocities,θ̇ref , are calculated by using the following inverse
kinematics algorithm:

θ̇ref = J−1

{[
ṙd
ϕ̇d

]
+KP

[
rd − r
ϕd − ϕ

]}
−KV θ̇ (12)

whereθ is the actual joint angle,r andϕ are the position
and orientation of the stick as calculated fromθ, J is the
Jacobian matrix, andKP andKV are the feedback gains.

This inverse kinematics-based control can be applied to
both the tracking and catching phases without any modi-
fication. Even though the object is located outside of the
Cartesian workspace of the robotic arm, the robotic arm is
controlled so that it will not be in a singular configuration.
Jacobian matrix will be invertible and (12) can always find
the joint reference velocities.

Another advantage is that this controller constructs a two-
DOF control system because it consists of a feed-forward
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controller and a feedback controller, which correspond to
the first and second terms on the right-hand side in (12).
We can improve the tracking performance and the stability
independently.

VI. EXPERIMENTS

A. Experimental Conditions

Experiments for the robotic catching of an object in the
shape of a ring torus were carried out with the experimental
setup shown in Fig. 5. A three-DOF elbow manipulator with
direct-drive motors, which was developed in our laboratory,
was used here. Since the tip of the robotic arm does not
take an arbitrary position and orientation in a 3-D space, we
consider tracking of only the position of the flying object by
the robotic arm. In order to alleviate the problem of the task
space dimension of the robotic arm as well as to simplify the
tracking, the object is tossed without allowing it to flip over
in this first implementation of this system. A vinyl ring with
a diameter of 13 cm was used as a target object, and three red
wide-angle LEDs were attached as markers to the surface of
the object. A cylindrical stick with a length of 30 cm and a
diameter of 2 cm was installed on the tip of the robotic arm.
The two fixed cameras were located at a distance of 60 cm
from each other, and the distance between the stereo camera
and the robotic arm was about 2 m. Tracking of the visual
markers began prior to the object being tossed in order to
prevent the abrupt emergence of the object on the camera
image. If the target points are occluded or lost in the camera
image, the robotic arm is stopped because the posture of
the object can not be obtained. The parameters used in the
experiments were as follows:d = 3cm, ε = 5cm, d1 =
62.1cm.

B. Experimental Results

Fig. 10 shows the time response of the position of the ring
torus object measured by the stereo camera, the position of
the stick’s tip calculated from the joint angle measurements,
and its desired position, all of which are expressed in the
robot frame. TheX-axis of the robot frame points toward the
stereo camera, as shown in Fig. 5. Since the object was tossed
underhand by a human operator from the front of the stereo
camera toward the robotic arm, we can see theX-coordinate
value of the object position was decreased gradually.

These results show that the control of the tip of the stick
by the proposed motion generator worked well. Since the

object moved outside the spherical boundary,S1, before the
time t = 0.51 s, the robotic arm was controlled on the basis
of the tracking phase, and the tip of the stick was moved
on the spherical surface of the boundary,S1, with the stick
maintaining the stick-up (elbow-down) configuration in order
to track the object without avoiding a singular configuration.
At the time t = 0.51 s, the motion phase was changed
from the tracking phase to the catching phase because the
transition condition (9) was met. Afterward, the position
of the stick became almost constant, and the robotic arm
stopped moving so that the stick could pass through the
object, which then fell to the base of the stick.

Fig. 11 shows the time response of the joint angles. The
joints 1, 2, and 3 correspond to the base, shoulder, and elbow
joints, respectively. Although the desired velocity changed
discontinuously at the moment of transition to the catching
phase, it was found that each joint moved smoothly by the
proposed controller.

Fig. 12 shows the results of the catching of the ring torus
object as a continuous sequence of images. We can see that
the robotic arm was controlled in response to the movement
of the target. The object was successfully caught by the
3-DOF elbow manipulator even though it cannot track of
arbitrary position and orientation of the flying object. Thus
far, we have succeeded in catching a ring torus object tossed
at a speed of about 5 m/s.

Two videos are attached to this paper. The first one shows
tracking of a ball by a stick attached to the robotic arm tip;
this was done to show the basic performance of the proposed
system. We can see that the robotic arm can track the ball
with rapid random motion by high-speed visual sensory
feedback. The details are not shown due to its length. The
second video shows the experiments shown in Fig. 12. It can
be seen that stable catching can be achieved by nonprehensile
catching on a stick. A failure occurred when 1) the stereo
camera lost sight of the tracking targets because they deviated
from the camera image plane, and 2) the target points were
occluded in the camera image plane. Since the stereo camera
is fixed, the tracking field of view is restricted. We need to
add more cameras in order to track object motions over a
wider range.

VII. CONCLUSIONS

In this paper, we showed the importance of nonprehensile
catching in a robotic catching task, and proposed a novel
strategy for nonprehensile robotic catching, and verified its
validity with experiments. However, in this experiments,
there were some restrictions that the robotic arm does not
track the object orientation and the flying object does not
flip over. These restrictions were imposed not because of the
limit of the proposed strategy but because of the robotic arm
with insufficient DOF and the vision system with narrow
tracking range. This study is the first step in accomplishing
more general nonprehensile catching. To expand the possi-
bilities for this, we will consider 1) tracking the position
and orientation of the object with an arbitrary shape by a
robotic arm with at least six-DOF, and testing many throws
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with varying difficulty, 2) enhancing the tracking ability
by a visual tracking system with multiple cameras, and 3)
demonstrating experimentally other types of nonprehensile
catching mentioned in this paper.
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